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Buildings  are  responsible  for  a  significant  portion  of  the  global  energy  consumption.  In  particular, 
heating,  ventilation,  and  air-conditioning  (HVAC)  systems  in  buildings  consume  significant  amounts  of 
energy.  Liquid  desiccant  dehumidification  and  energy  recovery  are  effective  energy  conservation 
technologies  in  HVAC  systems.  Direct-contact  liquid  desiccant  air-conditioning  systems  have  the  risk 
of  carry-over  of  aerosol  droplets  to  the  supply  airstream,  which  may  cause  health  problems  for 
occupants  and  corrosion  of  the  ducting  system.  Liquid-to-air  membrane  energy  exchanger  (LAMEE)  is 
a  novel  semi-permeable  membrane-based  liquid  desiccant  energy  exchanger,  which  transfer  heat  and 
moisture  simultaneously  but  can  eliminate  the  desiccant  solution  aerosol  carry-over  problem.  Two 
LAMEEs  can  also  be  used  to  constitute  a  run-around  membrane  energy  exchanger  (RAMEE)  system  to 
recover  heat  and  moisture  from  exhaust  air  in  buildings.  In  the  past  decade,  research  and  development 
of  LAMEEs  has  been  very  active  to  show  that  high  effectiveness  is  possible.  This  paper  presents  a 
comprehensive  review  of  the  design  and  performance  of  LAMEEs. 
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1.  Introduction 

Energy  is  the  engine  for  human  activities,  development,  and 
sustainability.  Currently,  fossil  fuels  dominate  the  global  energy 
generation.  The  world  energy  consumption  increased  by  38% 
between  1998  and  2011  1,2  .  Energy  consumption  in  the  Medi¬ 
terranean  region  increased  by  more  than  three  times  between 
1980  and  2005  [3]  and  in  Canada  increased  by  23%,  between  1990 
and  2010  [4  .  It  is  predicted  that  the  energy  demand  will  increase 
from  87.4  million  barrel/day  in  2011  to  99.7  million  barrel/day  in 
2035,  which  may  cause  petroleum  oil  prices  to  increase  from  $125/ 
barrel  in  2011  to  more  than  $215/barrel  in  2035  [5].  At  the  same 
time,  decades  of  exponential  global  atmospheric  carbon  dioxide 
and  ocean  acidification  increases  is  likely  to  cause  a  dramatic  shift 
and  need  to  conserve  energy  and  reduce  fossil  fuel  use.  Buildings 
account  for  around  40%  of  the  total  global  energy  consumption  [6-8]. 
Heating,  ventilation,  and  air  conditioning  (HVAC)  systems  consume 
55%  of  the  total  energy  consumed  in  buildings  in  Malaysia  [9],  40-60% 
in  China  [10],  and  59%  in  Canada  [4  . 


2.  Ventilation 

Ventilation  is  the  continuous  replacement  of  contaminated 
indoor  air  with  fresh  outdoor  air  and  accounts  for  30-60%  of  the 
total  energy  consumed  in  buildings  [11].  People  spend  more  than 
90%  of  their  time  inside  buildings  [12],  therefore  sufficient  ventila¬ 
tion  is  important  to  improve  the  indoor  air  quality  (IAQ)  and  thus 
occupants'  health,  comfort,  and  performance.  Buildings  with 
insufficient  ventilation  are  characterized  by  high  concentrations 
of  pollutants  and  occupants  may  suffer  from  various  problems 
such  as  discomfort  and  health  problems  (e.g.  eye,  nose,  and  throat 
irritations,  asthma,  allergy,  infections,  headaches,  dizziness,  etc.), 
which  decrease  the  occupants'  productivity  [13].  Wyon  [8] 
reported  that  the  performance  of  the  occupants  in  an  office  may 
decrease  by  up  to  6-9%  due  to  poor  IAQ.  Thus,  reducing  ventilation 
rates  for  the  sake  of  energy  savings  may  add  extra  costs. 

Ventilation  energy  consumption  mainly  depends  on  the  differ¬ 
ence  between  indoor  and  outdoor  air  conditions,  occupation 
density,  and  the  type  of  building  (hospital,  office,  house,  etc.). 
Design  ventilation  rates  in  modern  buildings  are  higher  than  those 
for  old  buildings  due  to  (1)  increased  ventilation  rates  to  avoid  sick 
building  syndrome,  (2)  larger  amounts  of  VOCs  and  TVOCs  that  are 
emitted  from  the  materials  and  furnishings  used  in  modern 
buildings,  and  (3)  tighter  building  envelopes  designed  to  reduce 
energy  consumption  [11,  which  also  reduce  the  amount  of  air 
infiltration  into  a  building  that  can  dilute  the  pollutants  of 
indoor  air. 


In  vapor  compression  HVAC  technologies,  the  moisture  (latent 
load)  in  the  ventilation  air  and  indoor  air,  is  reduced  by  cooling  the 
supply  air  to  a  temperature  lower  than  its  dew  point  temperature; 
thereafter  the  supply  air  is  reheated  to  a  comfortable  supply 
temperature.  In  this  process,  a  significant  amount  of  energy  is 
consumed  to  condense  the  water  vapor  out  of  the  air  and  then 
reheat  the  process  air.  Moreover,  during  the  condensation  process, 
water  vapor  in  the  process  air  is  converted  to  water  droplets  on 
the  cooling  coil,  which  may  re-evaporate  in  the  cooling  coil  and 
thus  reduce  the  indoor  air  quality  and  increase  the  supply  air 
humidity. 

3.  Ventilation  energy  recovery 

During  recent  years,  comprehensive  studies  14-25  have  been 
carried  out  on  reducing  cooling  and  heating  energy  consumption 
in  buildings.  Ventilation  energy  recovery  has  been  considered  a 
key  technology  for  reducing  the  energy  consumption  of  buildings. 
Much  effort  has  been  spent  to  find  effective  technologies  to 
recover  as  much  energy  as  possible  without  reducing  the  indoor 
air  quality.  As  a  means  of  reducing  the  energy  consumption 
required  to  remove  the  latent  load,  air-to-air  membrane  energy 
exchangers  have  been  comprehensively  studied  [26-48].  The 
major  difference  between  these  membrane  exchangers  and  tradi¬ 
tional  sensible  exchangers  is  that  the  metal  plate  in  a  sensible 
exchanger  is  replaced  by  a  semi-permeable  membrane  in  a 
membrane  exchanger.  A  semi-permeable  membrane  is  permeable 
to  heat  and  water  vapor  but  impermeable  to  liquids  for  small 
pressure  differences.  In  air-to-air  membrane  energy  exchangers, 
heat  and  moisture  transfer  between  the  supply  and  exhaust 
airstreams  through  the  membrane.  Air-to-air  membrane  energy 
exchangers  are  efficient  for  energy  recovery  and  significantly 
reduce  HVAC  energy  consumption  [49-55].  Zhang  and  Niu  [51] 
reported  that  in  hot  and  humid  climates  such  as  Hong  Kong, 
installing  an  air-to-air  membrane  energy  recovery  ventilator 
reduced  the  annual  total  cooling  and  ventilation  energy  consump¬ 
tions  by  12%  and  58%,  respectively,  whereas  installing  a  sensible 
recovery  ventilator  saved  only  2%  and  10%.  However,  some 
problems  still  exist,  for  example  the  exhaust  and  supply  airstreams 
must  be  adjacent  to  each  other,  consequently  air-to-air  membrane 
exchangers  may  not  be  suitable  for  some  applications,  especially 
for  retrofitting  existing  buildings. 

4.  Liquid  desiccant  energy  exchangers 

Using  liquid  desiccant  solutions  for  air  dehumidification  is  not 
new  technology.  Comprehensive  research  has  been  conducted  on 
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ACH 

AHRI 

EPS 

HVAC 

IAQ 

LAMEE 

RAMEE 

TVOCs 

VOCs 


Symbols 

A 

Ay 

a 

b 

C 

Cr* 

cp 

Do 

Dvm 

d 

E 

f 

Gr 

H* 

AH 


h 

by 

k 

km 

Le 

m*at 

bln 

ifl 

mv 

NTU 

NTUm 

njr 

P 

Pw 

r 

Re 

Ri 

Sh 

Shm 

Sc 


Air  Changes  per  Hour 

Air  Conditioning,  Heating  and  Refrigeration  Institute 
Enthalpy  Pump  System 
Heating,  Ventilation,  and  Air  Conditioning 
Indoor  Air  Quality 

Liquid  to  Air  Membrane  Energy  Exchanger 
Run-Around  Membrane  Energy  Exchanger 
Total  Volatile  Organic  Compounds 
Volatile  Organic  Compounds 


membrane  surface  area  (m2) 
packing  density  (m2/m3) 
shell  width  (m),  constant  in  correlation 
shell  height  (m) 

heat  capacity  rate  (W/K),  constant  in  correlation 
ratio  between  solution  and  air  heat  capacity  rates 
specific  heat  capacity  (J/kg  I<) 
shell  diameter  (m) 

moisture  diffusivity  in  the  membrane  (m2/s) 

fiber  diameter  (m) 

modulus  of  elasticity  (Pa) 

friction  factor 

Grashof  number 

operating  condition  factor 

difference  in  total  enthalpy  per  mass  of  dry  air  (J/kgair) 
convective  mass  transfer  coefficient  of  the  airside 
(kg/m2  s) 

convective  heat  transfer  coefficient  (W/m2  K) 
evaporation  heat  of  vapor  (kj/kg) 
thermal  conductivity  (W/m  K) 
membrane  water  vapor  permeability  (kg/m  s) 

Lewis  number 

dimensionless  latent  heat  ratio 
moisture  removal  rate  (kgv/s) 
mass  flow  rate  (kg/s) 
moisture  emission  rate  (kg/m2  s) 
number  of  heat  transfer  units 
number  of  mass  transfer  units 
number  of  fibers 
pressure  (Pa) 

vapor  partial  pressure  (Pa) 
radius  (m) 

Reynolds  number 
Richardson  number 
Sherwood  number 
mean  Sherwood  number 
Schmidt  number 


ST 

transverse  pitch  (m) 

SL 

longitudinal  pitch  (m) 

T 

temperature  (°C) 

U 

overall  heat  transfer  coefficient  (W/m2  K) 

Dm 

overall  mass  transfer  coefficient  (kg/m2  s) 

V 

volumetric  flow  rate  (m3/s) 

w 

humidity  ratio  (kgv/kgair) 

Greek  letters 

p 

tangential  direction 

8 

membrane  thickness  (m) 

s 

effectiveness,  membrane  porosity 

s 

vapor  resistance  factor  of  the  membrane 

p 

density  (kg/m3) 

T 

tortuosity  factor 

4> 

packing  fraction 

Superscript 

b 

constant  in  correlation  (m) 

m 

constant  in  correlation 

Subscript 

1 

membrane  surface  on  airside 

2 

membrane  surface  on  solution  side 

air 

air 

in 

inlet 

lat 

latent 

mem 

membrane 

min 

minimum 

0 

outer 

out 

outlet 

pol 

polymer 

sen 

sensible 

sol 

solution 

tot 

total 

V 

vapor 

w 

water 

Chemical  symbols 

Ca(N03)2  Calcium  nitrates 

CO 

Carbon  monoxide 

co2 

Carbon  dioxide 

KCOOH 

Potassium  formate 

LiCl 

Lithium  chloride 

MgCl2 

Magnesium  chloride 

NOx 

Nitrogen  oxides 

so* 

Sulfur  oxides 

direct-contact  liquid  desiccant  dehumidification  systems  [56-77]. 
It  was  found  that  direct-contact  liquid  desiccant  dehumidification 
systems  can  reduce  the  energy  consumption  by  up  to  26-80% 
compared  to  the  traditional  vapor  compression  air-conditioning 
systems  in  hot  humid  climates  [77  . 

In  direct-contact  liquid  desiccant  dehumidification  systems, 
two  packed  beds  are  employed  as  a  dehumidifier  and  a  regen¬ 
erator.  A  liquid  desiccant  solution  is  sprayed  through  the  bed  and 
comes  in  direct  contact  with  the  process  air,  which  is  passed 
through  the  bed.  During  the  dehumidihcation  process,  the  warm 


and  humid  outdoor  air  enters  the  dehumidifier  and  comes  in 
direct  contact  with  the  sprayed  desiccant  solution.  The  vapor 
pressure  gradient  between  the  air  and  desiccant  solution  results 
in  heat  and  moisture  to  transfer  from  the  warm  and  humid  air  to 
the  desiccant  solution.  The  diluted  desiccant  solution  that  leaves 
the  dehumidifier  is  heated  and  pumped  to  the  regenerator,  where 
heat  and  water  vapor  are  transferred  from  the  diluted  desiccant 
solution  to  ambient  air  and  the  diluted  desiccant  solution  is 
regenerated.  The  system  efficiency  depends  on  various  parameters 
(e.g.  packing  density,  bed  length,  air  inlet  temperature,  desiccant 
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solution  inlet  temperature,  desiccant  solution  type,  desiccant 
solution  concentration,  air  and  desiccant  solution  flow  rates,  etc.) 

[57-59,71]. 

It  should  be  mentioned  that  a  main  concern  about  direct- 
contact  liquid  desiccant  systems  is  the  carry-over  problem  where 
some  desiccant  solution  droplets  are  carried  out  by  the  process  air, 
which  can  affect  people's  health  and  can  cause  corrosion  in  the 
ducting  system.  Furthermore,  these  systems  are  characterized  by 
high  air  pressure  drops  which  increase  the  operating  costs.  Liquid- 
to-air  membrane  energy  exchangers  (LAMEEs),  which  use  a  semi- 
permeable  membrane  to  separate  the  process  air  and  the  desic¬ 
cant  solution  streams,  eliminate  the  problem  of  desiccant  droplet 
carry-over  associated  with  direct-contact  liquid  desiccant  energy 
exchangers. 

Liquid  desiccant  dehumidification  and  energy  recovery  are  two 
important  technologies  to  effectively  reduce  the  energy  consumption 
of  building  HVAC  systems.  During  recent  years,  several  surveys  have 
been  conducted  on  heat  and  energy  recovery  techniques  in  buildings. 
Mardiana-Idayu  and  Riffat  [78],  Alonso  et  al.  [79  ,  Zhang  [80],  and 
Ge  et  al.  [81  reviewed  the  different  heat/energy  recovery  technologies 
for  building  applications,  whereas  Mohammad  et  al.  [77,82]  reviewed 
the  liquid  desiccant  air-conditioning  systems.  A  review  of  the  applica¬ 
tions,  energy  savings,  economics  and  environmental  impacts  of 
LAMEEs  for  HVAC  energy  recovery  in  buildings  and  automobiles  is 
presented  by  the  authors  in  [83]. 

For  the  first  time,  a  comprehensive  review  of  the  design, 
performance,  and  development  of  LAMEEs  for  energy  recovery 
and  air  dehumidification  in  building  HVAC  systems  is  presented  in 
the  current  review  paper.  Excluding  patents  and  commercial 
developments,  Fig.  1  shows  the  annual  number  of  published 
studies  on  LAMEEs  and  their  applications.  The  first  study  on 
LAMEEs  was  published  in  1996,  thereafter  few  studies  were 
conducted  until  2010.  Starting  in  2011,  the  number  of  works 
increased  significantly.  Fig.  2  shows  that  58%  of  the  published 
works  were  performed  in  Canada,  21%  in  China,  and  20%  in  Italy. 

5.  Types  of  LAMEEs 

5.2.  Flat-plate  LAM  EE 

The  structure  of  a  flat-plate  LAMEE  is  similar  to  a  parallel-plate 
heat  exchanger.  The  main  difference  is  that  the  metal  plate  that 
separates  the  two  fluids  is  replaced  by  a  semi-permeable  mem¬ 
brane.  Fig.  3  shows  an  example  of  the  flat-plate  LAMEE  structure. 
It  is  composed  of  several  air  and  liquid  channels  separated  by 


semi-permeable  membranes.  Heat  and  moisture  transfer  simulta¬ 
neously  between  the  air  and  liquid  desiccant  solution  through  the 
semi-permeable  membrane.  Since  the  pressure  on  the  liquid  side 
is  much  higher  than  on  the  airside  during  normal  operation 
conditions,  support  grids  are  used  to  support  the  membrane  from 
deflecting  into  the  air  channel. 

As  shown  in  Fig.  4,  air  and  liquid  flow  configurations  inside  the 
flat-plate  LAMEE  can  be  counter-flow,  cross-flow  or  counter-cross- 
flow.  Fig.  4a  shows  a  counter-flow  configuration  where  the 
direction  of  the  airflow  is  opposite  to  the  liquid  flow.  Fig.  4b  shows 
a  cross-flow  configuration  where  the  direction  of  liquid  flow  is 
perpendicular  to  the  airflow.  Exchangers  with  a  counter-flow 
configuration  are  known  to  have  higher  effectiveness  than  those 
with  a  cross-flow  configuration  [85],  however  it  is  difficult  to 
manufacture  headers  that  allow  adjacent  air  and  solution  inlets 
and  outlets.  Consequently,  a  counter-cross-flow  configuration, 
which  is  a  combination  between  the  cross-flow  and  counter-flow 
configurations,  was  proposed  by  Vali  et  al.  [86  .  As  shown  in 
Fig.  4c,  in  a  counter-cross-flow  configuration,  the  solution  flow  is 

Publications  by  Country 


Canada  □  China  ■  Italy  H  Other 

Fig.  2.  Publications  relating  to  liquid-to-air  membrane  energy  exchangers  by 
country. 


Fig.  1.  Number  of  publications  relating  to  liquid-to-air  membrane  energy  exchangers  by  year. 
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Fig.  3.  Structure  of  a  flat-plate  LAMEE  [83]. 
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Fig.  4.  Flow  configurations  of  air  and  liquid  in  (a)  a  counter-flow  LAMEE,  (b)  a 
cross-flow  LAMEE,  and  (c)  a  counter-cross-flow  LAMEE  [84]. 


counter  to  the  airflow  for  more  than  90%  of  the  LAMEE's  length, 
and  is  perpendicular  to  the  airflow  near  the  inlet  and  outlet 
headers.  As  noted  in  [87],  flat-plate  LAMEEs  are  characterized  by 
high  heat  and  mass  transfer  surface  areas  with  typical  values  of 
800  m2/m3  and  values  as  high  as  2,000  m2/m3  [88]. 

5.2.  Hollow-fiber  LAMEE 

Fig.  5  shows  a  typical  configuration  of  a  hollow-fiber  LAMEE.  Its 
structure  is  similar  to  a  shell-and-tube  heat  exchanger  but  the 
metal  tubes  are  replaced  with  hollow  fiber  semi-permeable 
membranes  that  allow  simultaneous  heat  and  moisture  transfer 
between  the  working  fluids.  Fig.  6  shows  an  end  view  photograph 
of  a  hollow-fiber  LAMEE  showing  how  the  hollow  fiber  mem¬ 
branes  are  supported  on  the  tube  end  plate.  The  air  and  liquid  flow 
configurations  inside  the  hollow-fiber  LAMEE  can  be  counter-flow 
or  cross-flow,  where  the  liquid  flows  inside  the  hollow  fibers  and 
the  air  flows  around  the  fibers.  Hollow  fibers  can  be  either 
staggered  or  aligned  with  the  flow  [89-91  .  As  noted  in  [87], 
hollow-fiber  LAMEEs  are  characterized  by  very  high  heat  and  mass 
transfer  surface  area  with  typical  values  of  2000  m2/m3  and  values 
as  high  as  30,000  m2/m3  [88].  The  number  of  hollow  fibers  can 
vary  between  200  [89]  and  12,000  [90]  in  one  LAMEE. 


6.  Evaluation  of  LAMEE  performance 

6.2.  Effectiveness  (e) 

Effectiveness  is  the  most  important  parameter  for  evaluating 
the  performance  of  an  exchanger  [92].  For  energy  exchangers, 
there  are  three  types  of  effectiveness;  sensible,  latent,  and  total. 
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Fig.  5.  (a)  Structure  of  a  hollow-fiber  LAMEE  [89],  and  (b)  a  detailed  schematic  of  a  single  hollow  fiber  [90]. 
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Fig.  6.  (a)  Photograph  of  a  hollow-fiber  LAMEE,  and  (b)  an  end  view  of  the  hollow 
fibers  inside  the  LAMEE  [91  ]. 
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where  Tair>in  is  the  air  temperature  at  the  exchanger  inlet  (°C),  Tair>out  is 
the  air  temperature  at  the  exchanger  outlet  (°C),  Tsoiiin  is  the  desiccant 
solution  temperature  at  the  exchanger  inlet  (°C),  Wairin  is  the 
humidity  ratio  of  the  air  at  the  exchanger  inlet  (kg/kg),  Wair>out  is 
the  humidity  ratio  of  the  air  at  the  exchanger  outlet  (kg/kg),  Wsoiiin  is 
the  humidity  ratio  of  the  desiccant  solution  at  the  exchanger  inlet 
(kg/kg),  and  H*  is  the  operating  factor. 


6.2.  Dehumidification/humidification  rate  (moisture  removal  rate) 
(rfln) 


The  mass  transfer  rate  is  another  important  indicator  for  the 
performance  of  a  LAMEE.  It  is  the  mass  transfer  rate  of  moisture 
between  the  air  and  the  desiccant  solution. 

iflrr  =  EElair  I W air, out  ~  W air, in  I  (4) 

where  mair  is  the  mass  flow  rate  of  the  dry  air  (kg/s). 

6.3.  Designand  operating  parameters 


Sensible  effectiveness  ( esen )  is  the  ratio  between  the  actual  and 
the  maximum  possible  rates  of  sensible  heat  transfer  inside  the 
exchanger.  Latent  effectiveness  is  the  ratio  between  the 

actual  and  the  maximum  possible  rates  of  moisture  (latent  energy) 
transfer  inside  the  exchanger.  The  total  effectiveness  (etot)  is  the 
ratio  between  the  actual  and  the  maximum  possible  rates  of 
energy  transfer  (enthalpy)  inside  the  exchanger.  When  the  capa¬ 
citance  rate  of  the  desiccant  solution  is  higher  than  the  air 
(Cr*>l),  the  sensible,  latent  and  total  effectivenesses  can  be 
calculated  by  Eqs.  (l)-(3)  [93];  respectively. 


The  performance  (i.e.  effectiveness  and  moisture  removal  rate) 
of  a  LAMEE  significantly  depends  on  several  parameters. 

6.3.1.  Number  of  heat  transfer  units  (NTU) 

The  number  of  heat  transfer  units  has  a  significant  effect  on  the 
sensible  effectiveness  of  a  LAMEE.  The  sensible  effectiveness  of  a 
LAMEE  increases  as  NTU  increases. 
tja 

NTU  =  — -  (5) 

'-min 
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f  air, in  T  air, out 
T air, in  ~  Tsol,in 

W air, in  ~  ^ air, out 
W  air, in  -wsol 
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0) 
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mem 


1 


-1 


where  U  is  the  overall  heat  transfer  coefficient  (W/m2  K),  A  is  the 
membrane  surface  area  (m2),  Cmin  is  the  minimum  heat  capacity 
rate  of  air  and  desiccant  solution  flows  (W/K),  hair  is  the  convective 


706 


M.R.H.  Abdel-Salam  et  al.  /  Renewable  and  Sustainable  Energy  Reviews  39  (2014)  700-728 


heat  transfer  coefficient  of  the  air  (W/m2  I<),  S  is  the  membrane 
thickness  (m),  kmem  is  the  membrane  thermal  conductivity  (W/m  K), 
and  hsoi  is  the  convective  heat  transfer  coefficient  of  the  desiccant 
solution  (W/m2  I<). 


6.3.2.  Number  of  mass  transfer  units  (NTUm) 

The  number  of  mass  transfer  units  has  a  significant  effect  on 
the  latent  effectiveness  of  a  LAMEE.  The  latent  effectiveness 
increases  as  NTUm  increases. 

NTUm  =  (7) 

'“min 


1  <5  1 

hm,a ir  hm,sol 


where  Um  is  the  overall  mass  transfer  coefficient  (kg/m2  s),  rhmin  is 
the  minimum  mass  flow  rate  of  air  and  desiccant  solution  flows 
(kg/s),  hm air  is  the  convective  mass  transfer  coefficient  of  the  air 
(kg/m2  s),  and  km  is  the  membrane  water  vapor  permeability  (kg/ 
m  s).  Hemingson  [94]  has  showed  that  the  convective  mass 
transfer  coefficient  of  the  desiccant  solution  ( hm>soi )  is  much  higher 
than  that  of  the  air  {hm>air)t  and  thus  (1  /hm  s0[)  can  be  neglected  in 
Eq.  (8). 


6.3.3.  Ratio  of  heat  capacity  rates  (Cr*) 

The  effectiveness  of  a  LAMEE  strongly  depends  on  the  ratio  of 
heat  capacity  rates  between  the  desiccant  solution  and  air  flows. 

_  Qo/  _  mS0l  Cp,SOl  .g. 

(-air  bh-air  Cp,air 

where  Cso/  is  the  heat  capacity  rate  of  the  desiccant  solution  (W/K), 
Cair  is  the  heat  capacity  rate  of  the  air  (W/K),  rhso/  is  the  desiccant 
solution  mass  flow  rate  (kg/s),  mair  is  the  air  mass  flow  rate  (kg/s), 
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Fig.  7.  Schematic  of  heat  and  water  vapor  transfer  processes  through  a  semi- 
permeable  membrane  [97]. 


cp,soi  is  the  specific  heat  capacity  of  the  desiccant  solution  (J/kg  I<), 
and  cp,air  is  the  specific  heat  capacity  of  the  air  (J/kg  K). 


6.3.4.  Operating  factor  (H*) 

The  operating  factor  is  a  dimensionless  number  that  describes 
the  ratio  between  the  difference  in  latent  energy  and  the  differ¬ 
ence  in  sensible  energy  between  the  air  and  the  desiccant  solution 
at  the  LAMEE  inlets  [93]. 

_  2500  ^air,in  —  ^ solin 
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6.3.5.  Moisture  emission  rate  (mv) 

The  moisture  flux  through  the  membrane  [91  . 


131 V  -  Pafj-Dyiyi 


w 


mem  A 


-w 


mem2 


(11) 


where  pair  is  the  air  density  (kg/m3),  Dvm  is  the  moisture  diffusivity 
in  the  membrane  (m2/s),  Wmemj  is  the  humidity  ratio  of  the 
membrane  on  the  airside  (g/kg),  and  Wmem<2  is  the  humidity  ratio 
of  the  membrane  on  the  solution  side  (g/kg). 


6.3.6.  Latent  heat  ratio  (m^at) 

For  the  air  humidification  process  using  water,  Zhang  [95] 
introcuced  a  dimensionless  latent  heat  ratio  that  shows  how  the 
water  temperature  is  affected  by  the  moisture  evaporation  heat. 


 Pair^ airhy(W 


\at=  „  „ 


w,in 


(12) 


where  hv  is  the  evaporation  heat  of  vapor  (kj/kg). 


The  following  parameters  characterize  the  structure  of  a 
hollow-fiber  LAMEE: 


6.3.7.  Packing  density  (Av) 

The  ratio  between  the  actual  mass  transfer  area  and  the 
exchanger  unit  volume  is  referred  to  as  the  packing  density  [96  . 


(13) 


where  nfr  is  the  number  of  fibers,  dQ  is  the  outer  diameter  of  a 
single  hollow  fiber  (m),  and  D0  is  the  shell  diameter  (m). 


6.3.8.  Packing  fraction  (<p) 

The  packing  fraction  gives  an  indication  of  the  average  area 
occupied  by  the  hollow  fibers  in  a  rectangular  shell  90]. 


nfr  n  r\ 
v  ab 


(14) 


where  rG  is  the  outer  radius  of  a  single  hollow  fiber  (m),  a  is  the 
shell  width  (m),  and  h  is  the  shell  height  (m). 


Table  1 

Comparison  between  different  commercial  membranes  [113]. 


Membrane 

Membrane  polymer 

Cost  ($US/ft2) 

Pore  size  (pm) 

Porosity  (%) 

LPP  (kPa) 

VDR  (s/m) 

E  (MPa) 

Propore™ 

Polypropylene 

0.1 

<  1 

— 

>82 

158 

17 

Tredegar  #2 

Polypropylene 

- 

- 

- 

>82 

5,793 

45 

Aptra™  RKW 

Polypropylene 

0.35 

0.2 

60 

- 

385 

- 

Porex®  PM6M 

Polytetrafluoroethylene 

40 

1-2 

35-45 

- 

84 

16 

Porex®  PM3V 

Polytetrafluoroethylene 

40 

5 

40 

49 

57 

12 

Porex®  X-7744 

Polypropylene 

5 

7 

35-45 

15 

102 

- 

Porex®  X-4904 

Polypropylene 

5 

2 

35-45 

- 

40 

- 

Japanese  Tyvek® 

High  density  polypropylene 

0.15 

2-15 

45 

19 

329 

382 

Tyvek®1025B 

High  density  polypropylene 

0.15 

2-15 

45 

16 

245 

- 

Tyvek®1059B 

High  density  polypropylene 

0.15 

2-15 

45 

17 

215 

- 

AY  Tech  Laminant 

Polytetrafluoroethylene 

3.27 

0.3 

85 

>  82 

97 

387 
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7.  Membranes 


The  semi-permeable  membrane  is  considered  to  be  the  most 
important  component  in  a  LAMEE.  Fig.  7  shows  a  schematic  for  the 
heat  and  water  vapor  transfer  processes  through  a  semi-permeable 
membrane.  Generally,  there  are  two  types  of  semi-permeable  mem¬ 
branes;  hydrophobic  and  hydrophilic.  Hydrophobic  membranes  resist 
penetration  by  liquid  water  and  water  droplets  remain  on  the  surface 
whereas  hydrophilic  membranes  draw  in  liquid  water  and  are  easily 
wetted  [98  .  Hydrophobic  membranes  are  used  for  LAMEE  applica¬ 
tions.  There  are  various  commercial  micro-porous  hydrophobic  mem¬ 
branes  available,  such  as  polypropylene  (PP),  polyethylene  (PE),  poly- 
tetrafluoroethylene  (PTFE),  and  polyvinylidene  fluoride  (PVDF)  [99]. 
Other  types  of  membranes,  such  as  composite  membranes  and 
composite  supported  liquid  membranes,  can  also  be  used  in  mem¬ 
brane  energy  exchangers  [100-102  . 

The  semi-permeable  membrane  properties  have  a  significant 
influence  on  heat  and  moisture  transfer  in  the  LAMEE.  The  most 
important  properties  are: 


1.  Vapor  Diffusion  Resistance  ( VDR ):  the  resistance  to  water  vapor 
diffusion  through  the  membrane.  The  VDR  increases  as  the 
membrane  thickness  increases.  The  rate  of  water  vapor  transfer 
through  the  membrane,  known  as  membrane  permeability, 
increases  as  the  VDR  decreases  [103,104].  As  well,  the  perme¬ 
ability  of  the  membrane  depends  on  temperature  and  humidity 
[97]. 

2.  Liquid  Penetration  Pressure  (LPP):  the  pressure  difference  at  which 
liquid  water  will  penetrate  through  the  membrane.  The  LPP 
increases  as  the  membrane  thickness  increases  [103,104  . 

3.  Pore  Size :  the  permeability  of  the  membrane  increases  as  the 
pore  surface  area  ratio  increases.  As  well,  the  size  of  the  pores 
should  be  as  small  as  possible  to  prevent  liquid  transfer 
through  the  membrane.  Consequently,  the  optimum  pore  size 
is  determined  by  a  trade-off  between  permeability  and  LPP. 

4.  Membrane  Porosity  (e):  the  ratio  between  the  volume  of  the  pores 
and  the  total  volume  of  the  membrane  [105  .  The  membrane 
porosity  is  calculated  by  the  Smolder-Franken  equation  106] 


e  =  1 


Pmem 

Ppol 


(15) 


where  pmem  is  the  average  density  of  the  membrane  (kg/m3),  and 
ppol  is  the  density  of  the  polymer  material  (kg/m3). 

5.  Membrane  Tortuosity  Factor :  an  indication  of  the  deviation  in 
the  structure  of  the  membrane  pores  from  a  straight  cylindrical 
structure  normal  to  the  membrane  surface  [99  .  As  noted  in 
[107],  the  membrane  tortuosity  can  be  determined  from 


Mackie-Meares  correlation  [108] 

£ 


(16) 


where  r  is  the  tortuosity  factor  and  £  is  the  membrane  porosity. 

6.  Modulus  of  Elasticity  (E):  the  ratio  between  the  stress  and  strain  of 
the  membrane  when  subjected  to  a  certain  force.  High  values  of  E 
imply  that  the  membrane  deflections  will  be  small  when  sub¬ 
jected  to  pressure  differences  between  the  air  and  liquid  sides. 

7.  Thermal  Conductivity :  Brandrup  and  Immergut  [109],  Harper 
[110],  and  Van  Kreveleh  [111  reported  coefficients  of  thermal 
conductivity  in  the  ranges  of  0.17-0.19  (W/m  K)  for  PVDF  (at 
296  K);  0.25-0.27  (W/m  K)  for  PTFE  (at  296  K);  and  0.11-0.16 
(W/m  K)  for  PP  (at  296  K)  [109-112  .  The  thermal  conductivity  of 
the  membrane  depends  on  temperature;  for  instance,  the 
thermal  conductivity  of  PP  increases  from  0.11-0.16  (W/m  K) 
to  0.2  (W/m  K)  when  the  temperature  increases  from  23  °C  to 
75  °C  [109-112  .  It  is  worth  mentioning  that  the  influence  of 
membrane  thermal  conductivity  on  a  LAMEE's  sensible,  latent, 
and  total  effectivenesses  during  air  humidification  and  dehumi¬ 
dification  is  very  small  and  negligible  in  the  flat-plate  LAMEEs. 


Beriault  [113]  presented  a  comparison  between  different  mem¬ 
brane  types  as  shown  in  Table  1.  In  conclusion,  competitive 
membranes  should  be  characterized  by: 

1.  High  liquid  penetration  pressure, 

2.  Low  vapor  diffusion  resistance, 

3.  High  modulus  of  elasticity, 

4.  High  porosity, 

5.  Small  thermal  resistance, 

6.  High  selectivity  114], 

7.  Small  tortuosity  factor  [99], 

8.  Ability  to  sustain  high  temperatures  (i.e.  40-70  °C),  especially 
for  applications  as  a  regenerator, 

9.  Competitive  chemical  resistance  for  different  fluids  (i.e.  water 
and  different  liquid  desiccants)  [99 ], 

10.  High  durability, 

11.  High  fouling  resistance  especially  for  the  side  contacting  the 
process  air  [99]  and 

12.  Cost  effective. 


8.  Development  of  LAMEEs 

In  this  section,  the  work  that  has  been  done  on  the  flat-plate 
and  hollow-fiber  LAMEEs  will  be  presented  and  discussed 


Fig.  8.  Schematic  diagram  for  the  experimental  setup  [115]. 
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according  to  the  year  of  publication.  Some  researchers  used  the 
term  “contactor”  to  refer  to  the  LAMEE,  however  we  will  replace  it 
with  “LAMEE”  to  avoid  any  confusion. 

8.1.  The  flat-plate  LAMEE 

8.1.1.  Steady-state  performance 

Research  on  flat-plate  LAMEEs  started  as  early  as  1996  when 
Isetti  et  al.  [115]  presented  a  novel  technique  to  control  the  indoor 
air  relative  humidity  inside  a  museum  display  case  by  using  a 
hydrophobic  membrane  that  allowed  simultaneous  heat  and 


water  vapor  transfer  between  air  and  a  hygroscopic  solution.  The 
performance  of  the  proposed  technology  was  experimentally 
evaluated  by  comparing  it  with  an  uncontrolled  display  case. 
Fig.  8  shows  the  experimental  setup  where  LiCl  was  employed  as 
the  hygroscopic  solution  and  a  commercial  micro-porous  PTFE 
membrane  was  used  as  a  contact  surface  between  the  air  and  the 
LiCl  solution.  Fig.  9  shows  that  when  LiCl  solution  with  a 
concentration  of  20%  was  employed  for  controlling  the  indoor  air 
relative  humidity,  the  proposed  technology  was  able  to  keep  the 
relative  humidity  of  the  indoor  air  near  60%  for  3  months  even 
under  sudden  sharp  variations  in  the  outdoor  air  relative 


100 


80 


V.O 

O' 


20 


100 


(30 


40 


80 


60 


40 


-  20 


Fig.  9.  Variation  of  the  indoor  air  relative  humidity  using  a  20%  LiCl  solution  over  a  90  day  period  [115]. 
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Fig.  10.  The  experimental  setup  of  Isetti  et  al.  [87]. 
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Fig.  11.  Effect  of  the  membrane  thickness  and  temperature  gradient  across  the  membrane  on  the  vapor  mass  flux  for  (a)  a  PE  membrane  (£=39),  and  (b)  a  PTFE  membrane 

(1=6)  [87]. 


#  solution  loop 
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1  -  centrifugal  pump 

2  -  liquid  tank 

3  -  liquid  flowmeter 

4  -  thermocouple 

5  -  relative  humidity  sensor 

6  -  pressure  measurement  point 

7  -  membrane  contactor 

8  -  centrifugal  fan 

9  -  air  flowmeter 


Fig.  12.  The  experimental  setup  of  Bergero  et  al.  [116]. 


SCALE 
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Fig.  13.  LAMEE  structure  and  dimensions  [116]. 
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humidity.  Another  experiment  was  performed  over  a  shorter  time 
period  (i.e.  4  weeks)  and  with  a  smaller  amount  of  LiCl  solution  at 
a  concentration  of  31%;  the  results  confirmed  the  ability  of  the 
proposed  technology  to  control  the  indoor  air  relative  humidity. 
These  results  motivated  further  research  on  LAMEE  performance. 

Isetti  et  al.  [87]  developed  a  theoretical  equation  to  explain  the 
dependency  of  the  vapor  mass  flux  across  a  hydrophobic  membrane 
on  the  design  and  operating  parameters,  and  validated  this  correla¬ 
tion  with  experimental  results.  Fig.  10  shows  the  test-rig  used  in  these 
experiments.  A  liquid  desiccant  solution  was  pumped  from  the 
solution  container  (C)  through  a  thermoelectric  heat  exchanger  (HE) 
to  control  the  solution  temperature  and  a  valve  (VA)  to  control  the 
solution  mass  flow  rate  before  it  entered  the  test  section  (TS).  An 
array  of  electrical  resistance  (AR)  was  used  to  heat  the  air  and  a 
mixing  vane  (MV)  was  used  to  obtain  a  constant  temperature  and 
velocity  of  the  air  at  the  test  section  inlet.  LiCl  solution  with  a 
concentration  of  42%  and  Ca(N03)2  with  a  concentration  of  56%  were 
used  as  the  desiccant  solutions.  The  experimental  results  agreed  with 
the  theoretical  results  from  the  developed  equation,  consequently,  the 
equation  was  used  to  investigate  the  effect  of  the  design  and 
operating  parameters  on  the  vapor  mass  flux.  Fig.  11a  and  b  show 
that  the  membrane  thickness,  membrane  vapor  resistance  factor  (£), 
and  temperature  difference  across  the  membrane  have  significant 
influences  on  the  vapor  mass  flux  through  the  membrane.  At  high 
temperature  gradients  across  the  membrane,  the  vapor  mass  flux 
increased  significantly  as  the  membrane  thickness  decreased.  How¬ 
ever,  the  increase  in  the  vapor  mass  flux  decreased  as  the  tempera¬ 
ture  gradient  across  the  membrane  decreased.  The  vapor  mass  flux 
increased  by  2-4  times  when  the  membrane  vapor  resistance  factor 
decreased  from  39  to  6.  They  found  that  the  vapor  mass  transfer  rate 
through  the  membrane  is  dominated  by  the  resistance  of  the 
membrane  and  the  airside  boundary  layers.  During  desiccant  solution 
regeneration,  the  required  liquid  temperature  decreased  as  the 
thickness  and  vapor  diffusion  resistance  of  the  membrane  decreased. 

Bergero  et  al.  116]  theoretically  and  experimentally  investi¬ 
gated  the  performance  of  a  cross-flow  LAMEE  used  for  air 
dehumidification.  The  experimental  apparatus  was  built  at  the 
University  of  Genoa  and  is  shown  in  Fig.  12.  The  membrane  was 
made  of  PVDF  with  a  thickness  of  190  pm.  PP  turbulator  strips 
were  used  to  support  the  structure  of  the  LAMEE  as  shown  in 
Fig.  13.  Results  showed  that  the  air  outlet  temperature  was  24  °C 
which  was  higher  than  the  desiccant  solution  inlet  temperature  of 
23.5  °C.  This  phenomenon  occurred  as  a  result  of  the  heat  of  phase 
change  released  at  the  liquid  interface  during  the  process  of 
moisture  transfer  from  the  air  stream  to  the  desiccant  solution. 
They  also  found  that  the  desiccant  solution  mass  flow  rate  had  a 
negligible  effect  on  the  overall  mass  flux  across  the  membrane, 
whereas  the  mass  flux  increased  as  the  volumetric  air  flow  rate 
increased.  The  theoretical  results  revealed  that  the  majority  of  the 
mass  transfer  resistance  was  caused  by  the  membrane  (the  airside 
resistance  was  10%  of  the  total  and  the  liquid  side  resistance  was 
negligible)  and  thus  the  membrane  resistance  was  identified  as 
the  key  parameter  for  enhancing  mass  transfer. 

Bergero  and  Chiari  [117]  developed  a  Simulink  model  to 
investigate  the  ability  of  a  cross-flow  LAMEE  to  reduce  the 
fluctuations  of  the  indoor  air  relative  humidity  in  confined 
environments.  The  LAMEE  structure  was  similar  to  that  in  Bergero 
et  al.  116].  The  LAMEE  was  housed  inside  an  energy  exchanger 
unit.  The  energy  exchanger  unit  and  a  temperature  control  device 
were  placed  in  a  100  m3  room  with  a  ventilation  rate  of  0.3  ach. 
Simulation  results  showed  that  the  LAMEE  was  able  to  signifi¬ 
cantly  reduce  the  short-term  fluctuations  in  the  indoor  air  relative 
humidity.  Furthermore,  increasing  the  contact  surface  area 
between  the  air  and  the  LiCl  solution  decreased  the  fluctuations 
significantly  over  short  periods  but  had  negligible  effect  over 
medium  and  long  periods.  Changing  the  mass  of  LiCl  in  the  vessel 


from  10  to  20  kg  (i.e.  mass  solution  from  65  to  120  kg)  had  a 
negligible  effect  on  the  fluctuations  control  whereas  installing  a 
regenerator  for  desiccant  solution  regeneration  caused  a  signifi¬ 
cant  reduction  in  the  fluctuations  over  medium  and  long  periods. 
It  was  concluded  that  the  LAMEE  is  able  to  achieve  a  significant 
reduction  in  the  indoor  air  relative  humidity  fluctuations  over 
short  periods  whereas  a  significant  reduction  in  the  fluctuations 
over  medium  and  long  period  can  be  achieved  only  if  a  regenera¬ 
tion  system  is  installed. 

Vestrelli  118]  developed  a  Simulink  model  to  compare  the  LAMEE 
performance  when  used  as  a  humidifier  and  as  a  dehumidifier.  Results 
showed  that  when  the  LAMEE  was  employed  as  a  dehumidifier, 
higher  vapor  flow  rates  across  the  membrane  were  obtained  as  the 
solution  concentration  increased  or  the  solution  temperature 
decreased  at  the  exchanger  inlet.  On  the  other  hand,  when  the 
exchanger  was  employed  as  a  humidifier,  higher  vapor  flow  rates 
across  the  membrane  were  obtained  as  the  solution  concentration 
decreased  or  solution  temperature  increased  at  the  exchanger  inlet. 
Experimental  work  was  carried  out  where  LiCl  solution  was  used 
during  the  dehumidification  experiments  and  water  was  used  during 
the  humidification  experiments.  The  experimental  results  agreed  with 
the  developed  Simulink  model. 

Research  on  LAMEEs  began  at  the  University  of  Saskatchewan 
in  2002  through  a  NSERC  Collaborative  Research  and  Development 
Grant  with  Venmar  CES  Inc.  Mathematical/numerical  models  were 
developed  and  published  as  follows:  Fan  et  al.  [119,120]  (cross- 
flow  LAMEE),  Seyed-Ahmadi  et  al.  [121-123]  (transient  cross-flow 
LAMEE),  Vali  et  al.  [86,124]  (counter-cross-flow  LAMEE)  and 
Hemingson  et  al.  [94,125  (improved  modeling  of  moisture  trans¬ 
fer  resistance  between  the  membrane  and  solution)  and  Namvar 
et  al.  [126,127]  (thermal  capacitance  of  exchanger).  LAMEE  proto¬ 
types  have  been  built  and  tested  by  Hemingson  [128],  Erb  et  al. 
[129,130],  Mahmud  et  al.  [84,131],  Beriault  [113  ,  and  Moghaddam 
et  al.  132  .  Experimental  and  numerical  data  have  been  compared 
and  agreement  has  often  been  within  the  experimental  and 
numerical  uncertainties  [122,127,130,132  . 

Ge  et  al.  [133]  extended  an  analytical  model  for  the  counter- 
cross-flow  LAMEE  based  on  an  analytical  solution  first  created  by 
Zhang  [89].  For  the  sake  of  simplicity,  Ge  et  al.  [133]  assumed  that 
the  desiccant  solution  mass  flow  rate  and  concentration  were 
constant  in  the  heat  and  moisture  transfer  processes.  Namvar  et  al. 
[126]  used  a  counter-cross-flow  prototype  [113]  to  investigate  the 
steady-state  performance  of  the  counter-cross-flow  LAMEE  under 
AHRI  summer  operating  conditions  [134].  Specifications  of  the 
LAMEE  used  in  the  experiments  are  given  in  Table  2.  They  have 

Table  2 


Specifications  of  the  Beriault 
prototype  [126]. 

[113]  LAMEE 

Parameters 

Value 

Exchanger  Length  (m) 

1.218 

Height  (m) 

0.305 

Number  of  solution 

10 

channels 

Air  channel  thickness 

6.35 

(mm) 

Solution  channel 

3.17 

thickness  (mm) 

Total  mass  (kg) 

28 

Membrane  Type 

ePTFE-AY 

Tech 

Thickness  (mm) 

0.54 

Thermal  conductivity 

0.334 

(W/m  K) 

Vapor  diffusion 

97 

resistance  (s/m) 
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Fig.  14.  Comparison  of  data  and  simulations  for  steady-state  sensible  and  latent  effectivenesses  of  the  counter-cross-flow  LAMEE  versus  Cr*  under  summer  operating 
conditions  [127]. 
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Fig.  15.  Simulations  of  steady-state  effectivenesses  plotted  on  the  psychrometric  chart  (a)  sensible  effectiveness,  and  (b)  latent  effectiveness  for  different  outdoor  inlet  air 
conditions  at  NTU  =8,  Cr* =6.3,  TSoz,m= 24  °C,  and  Wso;jin  =  9.3  g/kg  [127]. 
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Fig.  16.  Photograph  of  the  small-scale  LAMEE  test  setup  at  the  University  of  Saskatchewan. 
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compared  their  experimental  results  with  effectiveness  correla¬ 
tions  for  a  single  counter-flow  heat  exchanger  from  Incropera  and 
Dewitt  [135],  and  with  results  from  Nasif  et  al.  136  ,  and  with  the 
analytical  model  of  Ge  et  al.  [133].  For  sensible  effectiveness,  the 
results  from  Incropera  and  Dewitt  [135]  were  higher  than  the 
experimental  results.  There  was  a  better  agreement  for  latent 
effectiveness  with  the  results  of  Nasif  et  al.  136].  Results  from  the 
analytical  model  of  Ge  et  al.  133]  agreed  with  experimental 
results  at  Cr*  of  1.3  but  were  higher  than  experimental  results  at 
Cr*  equal  to  3.9  and  6.3. 

In  order  to  get  a  full  map  for  the  counter-cross-flow  LAMEE 
performance,  Namvar  et  al.  [127]  numerically  studied  the  steady-state 
performance  of  the  counter-cross-flow  LAMEE  under  various  operat¬ 
ing  conditions.  Fig.  14  shows  that  under  summer  operating  condi¬ 
tions,  the  sensible  and  latent  effectivenesses  increase  as  NTU 
increases,  for  a  given  Cr*  value.  NTU  has  a  more  significant  effect  on 
the  latent  effectiveness  than  on  the  sensible  effectiveness.  Further¬ 
more,  the  sensible  and  latent  effectivenesses  increase  as  Cr*  increases 
and  Cr*  has  a  more  significant  effect  on  the  effectivenesses  at  Cr* 
values  between  1  and  5.  Fig.  15  shows  contour  maps  of  the  simulated 
steady-state  sensible  and  latent  effectivenesses  on  a  psychometric 
chart.  Fig.  15a  reveals  that  as  the  inlet  air  humidity  ratio  increases,  the 
sensible  effectiveness  decreases,  if  the  outdoor  air  temperature  is 
higher  than  the  desiccant  inlet  temperature  and  increases  if  the 
desiccant  inlet  temperature  is  higher  than  the  outdoor  air  tempera¬ 
ture.  Fig.  15b  shows  that  as  the  inlet  air  temperature  increases,  the 
latent  effectiveness  decreases,  if  the  outdoor  air  humidity  ratio  is 
higher  than  the  desiccant  humidity  ratio  and  increases  if  the  desiccant 
inlet  humidity  ratio  is  higher  than  the  outdoor  air  humidity  ratio. 
Consequently,  the  latent  effectiveness  increases  and  the  sensible 
effectiveness  decreases  as  H*  increases.  In  general,  the  sensible,  latent, 
and  total  effectivenesses  increase  as  NTU  and/or  Cr*  increase.  Effec¬ 
tiveness  values  over  100%  can  only  be  observed  in  case  of  sensible 
effectiveness  but  not  for  latent  effectiveness  in  Fig.  15. 


Table  3 

Specifications  of  the  small-scale  LAMEE  [132]. 


Parameter 

Value 

Exchanger  length  (m) 

0.49 

Exchanger  aspect  ratio 

5.2 

Exchanger  entrance  ratio 

0.11 

Air  channel  thickness  (mm) 

5 

Solution  channel  thickness  on  each  panel  side  (mm) 

0.8 

Membrane  thickness  (mm) 

0.265 

Testing  full-scale  exchangers  is  quite  expensive  and  time 
consuming.  An  attractive  alternative  is  to  test  a  small-scale  model 
exchanger.  Moghaddam  et  al.  [132,137,138,139]  conducted  sev¬ 
eral  theoretical  and  experimental  studies  on  a  small-scale  LAMEE 
at  the  University  of  Saskatchewan.  Moghaddam  et  al.  [132]  tested 
the  small-scale  LAMEE  to  investigate  LAMEE  performance  for  air 
heating  and  humidifying  (HH),  air  cooling  and  humidifying  (CH), 
and  air  cooling  and  dehumidifying  (CD)  using  water.  Fig.  16 
shows  a  photograph  of  the  small-scale  LAMEE  prototype  and  its 
specifications  are  given  in  Table  3.  The  flow  configurations  of  the 
air  and  solution  inside  the  small-scale  LAMEE  are  given  in  Fig.  17a 
and  the  structure  is  shown  in  Fig.  17b.  In  the  HH,  CH,  and  CD  test 
processes,  a  total  of  nine  experiments  were  conducted  at  a 
constant  Cr*  of  7  and  NTU  of  2.5,  3.5  and  4.5.  Results  showed 
that  in  the  three  test  processes,  the  effectivenesses  increased 
with  NTU.  The  Enthalpy  Pump  System  (EPS)  numerical  model 
developed  at  the  University  of  Saskatchewan  94,121,124]  was 
modified  based  on  the  small-scale  LAMEE  and  was  used  to 
develop  the  sensible  and  latent  effectiveness  contour  maps 
superimposed  on  the  psychrometric  chart  shown  in  Fig.  18.  These 
contour  maps  show  that  the  sensible  and  latent  effectivenesses  of 
the  small-scale  LAMEE  depend  on  the  air  inlet  temperature  and 
humidity  ratio  and  vary  from  75%  to  120%  and  70%  to  90%, 
respectively.  A  sensible  effectiveness  greater  than  100%  occurs 
when  H*  is  large  or  when  the  phase  change  energy  exceeds  the 
sensible  energy  by  several  times.  When  phase  change  energy 
effects  are  significant,  it  is  noted  that  sensible  energy  of  inlet  and 
outlet  flows  will  not  be  conserved  in  an  exchanger  that  is  isolated 
from  its  surroundings.  The  definition  of  sensible  energy  effec¬ 
tiveness  which  was  developed  for  sensible  energy  does  not 
include  any  correction  for  phase  change  energy. 

A  LAMEE  can  be  used  in  different  climates  (i.e.  hot  and  humid, 
hot  and  dry,  cold  and  humid,  cold  and  dry),  and  can  be  employed 
as  a  dehumidifier,  humidifier,  or  regenerator.  These  different 
applications  create  different  directions  of  heat  and  mass  transfer 
inside  the  LAMEE.  Moghaddam  et  al.  [137]  experimentally  and 
numerically  studied  the  effect  of  the  direction  of  heat  and  mass 
transfer  between  the  air  and  desiccant  solution  on  the  perfor¬ 
mance  of  the  small-scale  LAMEE.  The  different  directions  of  heat 
and  mass  transfer  are  represented  by  the  cooling  and  dehumidi¬ 
fication,  cooling  and  humidification,  heating  and  dehumidification, 
and  heating  and  humidification  processes.  When  the  heat  and 
mass  transfer  were  in  the  same  direction  (i.e.  cooling  and  dehu¬ 
midifying  or  heating  and  humidifying),  the  sensible  effectiveness 
increased  as  Cr*  increased  whereas  when  heat  and  mass  transfer 


b 


Air  Spacer 


Air  Screen 


Grooved 
Side  Panel 


I 


I 


Half  Solution 
Channel 


Air  Channel 


Membrane 


Fig.  17.  (a)  Flow  configuration  and  (b)  cross  section  view  of  the  small-scale  LAMEE  [132]. 
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Fig.  18.  Psychrometric  chart  with  effectiveness  values  superimposed  (a)  sensible  effectiveness,  and  (b)  latent  effectiveness  contour  maps  for  the  small-scale  LAMEE  at 
NTU=  3.5,  Cr*= 7,  TsoUn  =  22  °C,  and  different  inlet  air  conditions  [132]. 


were  in  opposite  directions  (i.e.  cooling  and  humidifying  or 
heating  and  dehumidifying),  the  sensible  effectiveness  decreased 
as  Cr*  increased.  In  all  four  processes,  the  latent  and  total 
effectivenesses  increased  as  Cr*  increased.  For  the  cooling  and 
dehumidification  process,  Fig.  19  shows  the  air  and  desiccant 
solution  inlet  and  outlet  conditions  for  different  types  of  desiccant 
solutions  (i.e.  LiCl  and  MgCl2).  It  is  obvious  that  type  of  desiccant 
solution  did  not  has  a  significant  effect  on  the  LAMEE  effective¬ 
ness,  however,  the  total  effectiveness  increased  by  10%  when  the 
concentration  of  the  LiCl  solution  increased  from  25%  to  35%. 
Although  the  price  of  MgCl2  is  much  lower  than  LiCl,  Afshin  et  al. 
[140]  recommended  the  use  of  LiCl  in  very  dry  climates  to  avoid 
any  crystallization  problems.  Crystallization  within  the  membrane 
pores  will  block  water  vapor  transfer  over  part  of  each  membrane 
surface  area  and  result  in  lower  latent  and  total  effectiveness 
values.  Due  to  the  assumed  coupling  of  phase  change  energy  in  the 


model,  the  simulation  of  sensible  effectiveness  will  also  not 
account  for  phase  change  energy  when  crystallization  occurs. 

NTU  and  Cr*  are  considered  the  most  important  dimensionless 
numbers  that  affect  LAMEE  performance.  Moghaddam  et  al.  138] 
studied  the  effect  of  NTU  and  Cr*  on  the  performance  of  the  small- 
scale  LAMEE  for  air  cooling  and  dehumidifying  under  summer 
AHRI  conditions  [134].  Eight  experiments  were  performed  at  NTU 
values  of  4.5  and  5.8  and  Cr*  values  of  1,  3,  5,  and  7.  Results  showed 
that  the  LAMEE  effectivenesses  increased  as  Cr*  or  NTU  increased, 
however  Cr*  had  a  more  significant  influence  on  the  effective¬ 
nesses  compared  to  NTU. 

When  a  hollow-fiber  LAMEE  was  used  for  air  humidification  using 
water,  Zhang  and  Huang  [96]  found  that  the  airside  resistance 
represented  more  than  98%  of  the  total  heat  transfer  resistance.  This 
implies  that  the  airflow  channels  in  LAMEEs  should  be  improved  by 
convective  heat  transfer  enhancement.  Consequently,  Moghaddam 
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Fig.  19.  Air  and  desiccant  solution  inlet  and  outlet  conditions  for  different  concentrations  of  LiCl  and  MgCl2  during  cooling  and  dehumidification  experiments  at  NTU= 3  and 

Cr*= 5  [137]. 


Table  4 

Specifications  of  a  counter-cross-flow  LAMEE  with 
gravity  driven  solution  flow  [144]. 


Parameter 

Value 

Exchanger 

Length  (m) 

1.06 

Height  (m) 

0.8 

Number  of  solution 

10 

channels 

Maximum  air  flow 
capacity  (cfm) 

200 

Membrane 

Thickness  (mm) 

0.265 

Thermal  conductivity 

0.065 

(W/m  K) 

Vapor  diffusion 
resistance  (s/m) 

24 

et  al.  [138]  investigated  the  impact  of  using  a  turbulence  enhancing 
insert  in  the  air  channel,  on  the  effectiveness  of  the  small-scale  LAMEE. 
At  Cr*= 7,  the  turbulence  enhancing  insert  in  the  air  channel  enhanced 
the  total  effectiveness  by  7%  and  13%  at  NTU  values  of  5.8  and  4.5, 
respectively. 

As  mentioned  before,  a  LAMEE  can  also  be  used  to  regenerate 
the  diluted  desiccant  solution.  Moghaddam  et  al.  [139]  experi¬ 
mentally  studied  the  performance  of  the  small-scale  LAMEE  as  a 
regenerator.  Fumo  and  Goswami  [141]  and  Liu  et  al.  142]  reported 
that  during  the  regeneration  process,  providing  the  heat  to  the 
desiccant  solution  was  more  efficient  than  heating  the  air  in 
counter-flow  packed  beds,  therefore  the  LAMEE  performance 
was  evaluated  under  different  desiccant  solution  inlet  tempera¬ 
tures  (i.e.  40,  45,  50,  and  55  °C).  The  desiccant  solution  concentra¬ 
tion,  NTU ,  Cr*  and  the  air  inlet  relative  humidity  and  temperature 
were  kept  constant  for  all  experiments.  When  the  desiccant 
solution  inlet  temperature  increased  from  40  °C  to  55  °C,  the 
moisture  removal  rate  increased  by  450%  whereas  sensible,  latent, 
and  total  effectivenesses  decreased  by  15%.  These  results  revealed 
an  important  issue  for  selecting  the  optimum  range  for  the 
desiccant  solution  inlet  temperature  in  the  regeneration  process. 
If  free  thermal  energy  (e.g.  waste  heat  or  solar  energy)  is  used  to 
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Fig.  20.  Pressure  drop  across  the  LAMEE  versus  the  flow  velocity  [current  study 
experimental:  discrete  points,  current  numerical:  solid  lines,  Huang  et  al.  [146]: 
dotted  lines]  [147]. 

heat  the  desiccant  solution,  then  higher  desiccant  solution  tem¬ 
peratures  would  enhance  the  moisture  removal  rate.  On  the  other 
hand,  if  the  thermal  energy  must  be  purchased  to  heat  the 
desiccant  solution,  then  an  economical  study  should  be  done  to 
determine  the  best  operating  conditions.  Further  research  is 
needed  to  determine  the  effect  of  other  design  and  operating 
parameters  (i.e.  NTU ,  Cr*)  on  the  regenerator  performance. 

Semi-permeable  membranes  represent  a  significant  part  of  a 
LAMEE's  total  initial  cost,  therefore  using  other  less  expensive 
materials  as  the  contact  surface  between  the  air  and  desiccant 
solution  can  help  to  reduce  the  cost  of  a  LAMEE.  A  LAMEE  with  a 
contact  surface  made  of  a  special  paper  that  allows  simultaneous 
heat  and  moisture  transfer  between  the  air  and  desiccant  solution, 
was  employed  as  a  dehumidifier  in  a  liquid  desiccant  dehumidi¬ 
fication  system  and  its  performance  was  experimentally  studied 
by  Jain  et  al.  [143  .  For  their  exchanger  test  models,  the  latent 
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effectiveness  of  their  LAMEE  varied  between  25%  and  44%  and 
between  36%  and  45%  when  CaCl2  and  LiCl  were  employed  as  the 
desiccant  solutions,  respectively.  The  concentration  of  the  LiCl 
solution  had  no  significant  effect  on  the  latent  effectiveness  of  the 
dehumidifier.  These  latent  effectiveness  values  were  low  com¬ 
pared  to  other  LAMEEs  that  utilized  a  Polyethylene  or  Polypropy¬ 
lene  semi-permeable  membranes  as  the  contact  surfaces.  Jain  et  al. 
[143]  mentioned  that  the  low  latent  effectiveness  values  were 
likely  the  consequence  of  (1)  the  non-uniform  distribution  of  the 
desiccant  solution  inside  this  LAMEE,  (2)  the  indirect  contact 
between  air  and  desiccant  solution  added  more  resistance  for  heat 
and  mass  transfer,  and  (3)  the  poor  vapor  permeability  of  the 
contact  surface  material  used  in  their  study. 

Moghaddam  et  al.  [144]  experimentally  and  numerically  stu¬ 
died  the  impact  of  outdoor  air  conditions  on  the  performance  of  a 


Fig.  21.  Local  (JRe ),  Nusselt  and  Sherwood  numbers  for  air  and  solution  streams 
versus  Graetz  number  [147]. 


counter-cross-flow  LAMEE  where  the  desiccant  solution  flowed 
through  the  LAMEE  from  top-to-bottom  under  the  influence  of 
gravity.  This  design  may  decrease  the  average  pressure  difference 
between  the  air  and  liquid  channels  and  increase  the  membrane 
durability  of  the  LAMEE  used  by  Moghaddam  et  al.  [144].  Table  4 
gives  the  specifications  of  the  studied  LAMEE.  The  EPS  code 
mentioned  previously  94,121,124],  was  utilized  to  perform  the 
numerical  simulation.  Results  showed  that  under  summer  outdoor 
air  conditions  (35-39  °C  and  16-22  gv/kgair),  the  sensible,  latent, 
and  total  effectivenesses  were  81%,  82%,  and  82%,  whereas 
they  were  92%,  60%,  and  78%  under  winter  outdoor  air  conditions 
(0.3-1  °C  and  0.5  gv/kgair).  The  substantial  difference  in  the  latent 
effectiveness  between  summer  and  winter  operating  conditions 
was  thought  to  be  due  to  the  higher  difference  in  relative  humidity 
(i.e.  higher  mass  transfer  potential)  between  the  air  and  liquid 
desiccant  during  the  summer  conditions  [145].  The  fact  that  the 
desiccant  solution  has  water  vapor  removed  for  the  winter  test  not 
only  implies  that  there  may  be  some  potential  for  crystallization 
blockage  of  the  membrane  pores,  but  also  the  sensible  effective¬ 
ness  increases  for  the  winter  test  relative  to  the  summer  test. 

Huang  et  al.  [146]  developed  a  numerical  model  for  a  cross- 
flow  LAMEE  used  for  air  dehumidification  with  LiCl  solution. 
Results  showed  that  after  a  short  distance  from  the  entry,  the 
flow  became  thermally  developed  on  both  the  air  and  solution 
sides.  The  local  Sherwood  number  reached  the  minimum  value 
quickly  on  the  airside  but  was  not  able  to  reach  it  on  the  solution 
side,  indicating  the  concentration  boundary  layer  was  not  fully 
developed  on  the  solution  side.  Consequently,  for  the  solution  side, 
the  heat  transfer  was  fully  developed  after  a  short  distance  from 
the  entrance  whereas  the  mass  transfer  was  not  fully  developed  at 
the  exit  and  thus  the  solution  stream  had  a  much  higher  Sherwood 
number  than  the  air  stream. 

The  pressure  drop  through  a  LAMEE  and  the  noise  level  are 
affected  by  the  exchanger  length,  therefore  the  exchanger  length 
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Fig.  22.  Transient  (a)  sensible  effectiveness  and  (b)  latent  effectiveness  versus  time  under  summer  operating  conditions  at  NTU= 8,  Cr*=6.3,  7<mJ„  =  34  °C,  and  Wrnun= 
25.6  gv/kgair  [126]. 
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Fig.  23.  Transient  (a)  sensible  effectiveness  and  (b)  latent  effectiveness  versus  time  under  winter  operating  conditions  at  NTU— 8,  Cr*=3,  Tairin  =  7.8  °C,  and  Wa!r> 
3.1  gv/l<gair  [126]. 


in  — 


should  be  kept  as  short  as  possible  [147  .  Huang  et  al.  146]  studied 
the  conjugate  heat  and  mass  transfer  in  a  LAMEE  for  air  dehumi¬ 
dification  with  developing  heat  and  mass  transfer,  where  a  fully 
developed  flow  was  assumed.  However  the  assumption  of  fully 
developed  flow  was  found  to  be  inaccurate.  Huang  et  al.  [147] 
studied  the  effect  of  the  developing  entrance  lengths  on  the  fluid 
flow  and  the  conjugate  heat  and  mass  transfers  in  a  cross-flow 
LAMEE.  Fig.  20  shows  that  the  pressure  drop  in  the  air  and  solution 
channels  increases  as  the  flow  velocity  increases  and  the  experi¬ 
mental  results  agreed  quite  well  with  the  numerical  results.  Fig.  21 
shows  that  the  fluid  flow  and  heat  and  mass  transfer  became  fully 
developed  after  30%  of  the  channel  length  for  the  airside.  For  the 
solution  side,  the  fluid  flow  and  heat  transfer  became  fully 
developed  after  30%  of  the  channel  length  but  the  mass  transfer 
did  not  become  fully  developed  inside  the  channel.  A  comparison 
with  Huang  et  al.  [146]  confirmed  that  assuming  either  the 
hydrodynamic,  thermal,  or  concentration  boundary  layers  are  fully 
developed  caused  underestimations  in  the  results. 

8.2.2.  Transient  performance 

The  transient  response  of  a  flat-plate  LAMEE  is  a  crucial  issue 
both  during  the  system  start-up  and  when  the  outdoor  air 
conditions  experience  rapid  fluctuations.  Namvar  et  al.  [126] 
experimentally  investigated  the  transient  performance  of  a 
counter-cross-flow  LAMEE.  The  LAMEE  specifications  are  given  in 
Table  2.  The  transient  performance  of  a  LAMEE  can  be  character¬ 
ized  using  a  time  constant  which  is  the  time  required  by  the 
transient  outlet  variable  to  reach  63.2%  of  the  difference  between 
its  initial  and  final  values  [126  .  Data  showed  that  the  temperature 
time  constant  response  delay  was  longer  than  the  humidity  ratio 
time  constant,  i.e.  the  steady-state  condition  was  attained  in  the 
case  of  latent  heat  transfer  faster  than  the  sensible  heat  transfer 
likely  because  the  thermal  mass  of  the  exchanger  was  significant. 
Steady-state  was  achieved  in  less  than  1  h  at  all  mass  flow  rates. 
Figs.  22  and  23  show  that  during  summer  operating  conditions, 
the  sensible  and  latent  effectivenesses  increase  with  time  with  a 
similar  trend  and  had  a  value  higher  than  80%  after  27  minutes 


whereas  during  winter  conditions,  the  sensible  and  latent  effecti¬ 
venesses  reached  75%  and  60%;  respectively,  after  42  minutes.  The 
sensible  effectiveness  is  negative  at  the  beginning  of  the  test  when 
the  desiccant  solution  inside  the  LAMEE  is  in  thermal  equilibrium 
with  the  air,  due  to  the  release  of  phase  change  energy  during 
dehumidification  which  causes  the  air  outlet  temperature  to  be 
higher  than  the  air  inlet  temperature. 

Namvar  et  al.  127]  also  numerically  investigated  the  transient 
response  of  the  counter-cross-flow  LAMEE  and  used  Namvar  et  al. 
[126]  experimental  results  to  validate  the  numerical  model. 
The  average  absolute  difference  was  calculated  to  evaluate  the 
agreement  between  the  experimental  and  numerical  results.  The 
difference  was  less  than  0.1  for  sensible  effectiveness  whereas  it 
was  less  than  0.05  for  latent  and  total  effectivenesses.  Fig.  24 
shows  that  at  a  constant  Cr*  the  transient  time  constant  increases 
as  NTU  increases.  There  is  good  agreement  between  the  experi¬ 
mental  and  numerical  results  for  the  LAMEE's  latent  response  but 
poor  agreement  for  the  LAMEE's  thermal  response.  Fig.  25  shows 
that  outdoor  air  conditions  have  a  negligible  effect  on  the  sensible 
time  constant  whereas  they  have  a  significant  effect  on  the  latent 
time  constant  (i.e.  mass  transfer  response),  the  latent  time  con¬ 
stant  decreased  as  H*  increased.  It  can  be  concluded  that  the 
response  time  delay  mainly  depends  on  Cr*  and  NTU ;  the  response 
time  decreases  as  Cr*  increases  and  increases  as  NTU  increases. 

As  shown  in  Figs.  22  and  23,  the  sensible  and  latent  effective¬ 
nesses  were  higher  during  summer  operating  conditions  than 
during  winter  operating  conditions.  Fig.  26  shows  that  during 
winter  operating  conditions,  the  Richardson  number  was  higher 
than  10  and  thus  there  was  significant  natural  convection  between 
the  hot  liquid  desiccant  and  the  cold  membrane  [127,148]. 
Richardson  number  gives  an  indication  about  the  ratio  between 
the  potential  and  kinetic  energies.  Grashof  number  is  the  ratio 
between  the  buoyancy  and  viscous  forces.  Yao  [149  reported  that 
if  the  Grashof  number  is  less  than  the  Reynolds  number,  buoyancy 
effects  can  be  neglected  in  isothermal  vertical  channels.  Fig.  26 
shows  that  the  Grashof  number  was  2-12  whereas  Reynolds 
number  was  <  1  and  thus  buoyancy  forces  had  a  considerable 
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Fig.  24.  Comparison  between  numerical  and  experimental  time  constants  at  different  Cr*  under  summer  operating  conditions  [127]. 


adverse  effect  on  LAMEE  performance  under  winter  operating 
conditions  127  . 

8.2.  The  hollow-fiber  LAMEE 

Research  on  hollow-fiber  LAMEEs  started  in  2000  at  the 
University  of  Genoa  when  Bergero  and  Chiari  150]  carried  out 
theoretical  and  experimental  work  to  investigate  heat  and  moist¬ 
ure  transfer  inside  a  hollow-fiber  LAMEE  during  air  humidification 
and  dehumidification  processes.  LiCl  solution  and  water  were 
employed  as  the  working  fluids  for  air  dehumidification  and 
humidification,  respectively.  Bergero  and  Chiari  [150]  built  a 
hollow-fiber  LAMEE  prototype  at  the  University  of  Genoa  in  Italy. 
The  structure  and  dimensions  of  the  prototype  are  shown  in 
Fig.  27.  It  was  composed  of  800  polypropylene  hollow  fibers 
assembled  together  in  a  rectangular  geometry.  The  polypropylene 
hollow  fibers  were  arranged  in  a  staggered  configuration  with  an 
average  void  fraction  of  0.4-0.45,  a  total  fiber  external  surface 
area  of  1.2  m2,  and  heat/mass  transfer  area  per  unit  volume  of 
593  m2/m3.  Each  hollow  fiber  has  an  outer  diameter  of  1  mm,  a 
wall  thickness  of  0.2  mm,  and  a  mean  membrane  pore  radius  of 
0.2  pm.  The  air  flowed  in  a  direction  normal  to  the  polypropylene 
hollow  fibers  while  the  LiCl  solution  flowed  through  the  hollow 
fibers.  A  theoretical  model  was  developed  using  a  finite  volume 
technique  and  experimental  results  agreed  with  the  theoretical 


results.  Table  5  shows  the  pressure  drop  on  the  air  and  water  sides. 
Generally,  the  latent  effectiveness  decreased  as  the  air  flow  rate 
increased  whereas  the  LiCl  solution  and  water  flow  rates  did  not 
have  a  significant  effect  on  the  effectiveness. 

Air  humidification  using  water  was  investigated  by  Chiari  [151] 
using  the  test  facility  presented  in  Bergero  and  Chiari  [150  .  The  air 
inlet  temperature  and  relative  humidity  were  24  °C  and  50%  RH, 
respectively,  and  the  water  inlet  temperature  was  19  °C.  A  higher 
latent  effectiveness  was  achieved  at  higher  water  flow  rates 
whereas  the  latent  effectiveness  decreased  as  the  air  flow  rate 
increased.  At  a  constant  air  inlet  temperature,  the  latent  effective¬ 
ness  increased  as  the  water  inlet  temperature  decreased,  or  as  the 
membrane  thickness  decreased.  An  effectiveness  of  90%  was 
achieved  with  a  hollow  fiber  wall  thickness  of  50  pm  at  water 
and  air  inlet  temperatures  of  10  °C  and  15  °C,  respectively. 

Zhang  and  Huang  [96]  developed  a  theoretical  model  and 
conducted  experimental  work  to  investigate  the  performance  of  a 
counter-flow  hollow-fiber  LAMEE  for  air  humidification  using  water. 
The  experimental  setup  is  shown  in  Fig.  28.  Fig.  29  shows  that  when 
NTU  increased,  the  latent  effectiveness  significantly  increased  and  the 
average  moisture  permeability  (Pe)  decreased.  Fig.  30a  shows  that 
increasing  either  the  water  or  the  air  mass  flow  rate  increased  the 
pressure  drop.  A  much  higher  increase  in  the  pressure  drop  occurred 
as  the  water  mass  flow  rate  increased,  compared  to  the  air  mass  flow 
rate.  The  effects  of  the  water  and  air  mass  flow  rates  on  the  sensible 
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Fig.  26.  Grashof  and  Richardson  numbers  versus  time  under  winter  operating  conditions  [127]. 


and  latent  effectivenesses  are  compared  in  Fig.  30b.  Neither  the 
water  or  air  mass  flow  rates  had  a  significant  effect  on  the  sensible 
effectiveness  but  the  latent  effectiveness  decreased  significantly 
when  the  air  mass  flow  rate  increased.  Table  6  shows  that  more 
than  98%  of  the  total  heat  transfer  resistance  is  attributed  to  the 
airside  whereas  the  membrane  accounts  for  84%  of  the  total  mass 
transfer  resistance.  Therefore,  moisture  transfer  could  be  enhanced 
by  improving  the  membrane  properties  whereas  the  airside  con¬ 
vective  resistance  is  the  key  for  heat  transfer  enhancement. 

The  packing  fraction  gives  an  indication  of  the  volume  occupied 
by  the  hollow  fibers  inside  the  LAMEE  and  has  a  significant  influence 
on  the  effectiveness  and  pressure  drop  of  a  hollow-fiber  LAMEE. 
Zhang  and  Huang  [96]  studied  the  impact  of  the  packing  fraction  on 
the  performance  of  a  counter-flow  hollow-fiber  LAMEE.  It  is  shown 
in  Fig.  31a  that  increasing  the  packing  fraction  did  not  have  a 
significant  effect  on  the  total  mass  transfer  coefficient.  Fig.  31b  shows 
that  increasing  the  packing  fraction  causes  a  significant  increase  in 
the  latent  effectiveness  and  in  the  pressure  drop  on  the  shell  side,  a 


slight  decrease  in  the  pressure  drop  on  the  fibers  side,  and  almost  no 
effect  on  the  sensible  effectiveness.  The  enhancement  in  the  latent 
effectiveness  was  due  to  the  increase  in  the  contact  surface  area  not 
the  transfer  coefficients. 

Zhang  [89]  developed  an  analytical  model  for  a  counter-flow 
hollow-fiber  LAMEE  and  performed  experimental  work  to  validate 
this  analytical  model.  Fig.  32  shows  the  experimental  facility.  The 
desiccant  solution  was  pumped  through  a  dehumidifier  where  the 
fresh  air  was  cooled  and  dehumidified,  causing  the  desiccant  solution 
to  became  diluted.  The  diluted  desiccant  solution  was  heated  in  a  hot 
water  bath  and  then  it  flowed  through  a  regenerator  to  increase  the 
desiccant  concentration.  Finally,  the  regenerated  desiccant  solution 
flowed  through  a  cold  water  bath  and  then  back  to  the  dehumidifier. 
Fig.  33  shows  that  at  low  air  mass  flow  rates,  the  sensible  effective¬ 
ness  was  higher  than  the  latent  effectiveness  and  both  effective¬ 
nesses  decreased  with  an  increase  in  the  air  mass  flow  rate.  The 
parameters  that  had  the  most  significant  influence  on  the  effective¬ 
nesses  were  NTU  and  NTUm. 
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Fig.  27.  Structure  and  dimensions  of  the  hollow-fiber  LAMEE  prototype  built  at  the  University  of  Genoa  [150]. 


Table  5 

Pressure  drop  in  the  hollow-fiber  LAMEE  [150]. 


Fluid  Pressure  drop  (Pa)  Flow  rates 


Air  30-70  30-80  (m3/h) 

Water  1310-3350  19-54  (kg/h) 


Humidified  air 

Fig.  28.  The  experimental  setup  used  for  air  humidification  using  water  [96]. 


The  hollow  fibers  can  either  be  packed  regularly  or  randomly 
inside  the  hollow-fiber  LAMEE.  Zhang  152]  developed  a  theoretical 
model  to  investigate  the  effect  of  random  distribution  of  the  hollow 
fibers  on  the  heat  and  mass  transfer  processes  during  air  humidifica¬ 
tion  using  water.  Fig.  34  shows  a  photograph  of  the  hollow  fibers 
packed  inside  the  LAMEE.  Results  showed  that  as  the  packing  fraction 


Fig.  29.  Effect  of  NTU  on  sensible  and  latent  effectivenesses  and  average  perme¬ 
ability  [96]. 


increased,  the  packing  became  more  regular.  At  a  packing  fraction  of 
0.2-0.6,  which  is  common  for  most  hollow-fiber  LAMEEs,  the  Sher¬ 
wood  number  with  random  packing  was  around  1  -5%  of  that  for  the 
regular  packing,  which  means  that  there  was  a  significant  deteriora¬ 
tion  in  the  performance  of  the  hollow-fiber  LAMEE  when  randomly 
packing  was  used.  This  is  because  when  the  hollow  fibers  are 
randomly  packed,  more  fluid  flows  through  the  large  pinholes 
(volume  between  hollow  fibers),  which  causes  a  reduction  in  the 
active  membrane  surface  area  available  for  solution  and  air  contact. 

After  determining  that  increasing  the  packing  fraction  in  a 
counter-flow  hollow-fiber  LAMEE  with  a  cylindrical  shell  caused  a 
significant  increase  in  the  pressure  drop  on  the  shell  side  [96], 
Zhang  [95]  investigated,  experimentally  and  theoretically,  the 
performance  of  a  cross-flow  hollow-fiber  LAMEE  with  a 
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Fig.  30.  Effect  of  water  and  air  mass  flow  rates  on  (a)  pressure  drop  and  (b)  sensible  and  latent  effectivenesses  ( mair  is  kept  at  5.6  kg/h  when  mw  is  varied  and  mw  is  kept  at 
8.03  kg/h  when  mair  is  varied)  [96]. 


Table  6 

Resistance  for  heat  and  mass  transfer  in  the  hollow-fiber  LAMEE  [96]. 


Resistance 

Heat  transfer  resistance 
Percentage  (%) 

Mass  transfer  resistance 
Percentage  (%) 

Liquid  side 

1 

0 

Membrane 

Support  layer 

0.0001 

74 

Skin  layer 

0.0002 

10 

Total 

0.002 

84 

Air  side 

99 

16 

Total 

100 

100 

rectangular  shell  used  for  air  humidification  with  water.  A  proto¬ 
type  of  the  hollow-fiber  LAMEE  with  a  rectangular  shell,  shown  in 
Fig.  35,  was  built.  The  prototype  was  composed  of  2900  hollow 
fibers  packed  inside  a  rectangular  shell  where  water  flowed 
through  the  hollow  fibers  and  air  flowed  across  them.  Table  7 
shows  that  when  the  packing  density  increased  from  0.19  to  0.59 
(i.e.  2000  to  6000  fibers),  the  pressure  drop  decreased  on  the  tube 
side  and  increased  on  the  shell  side.  NTU  and  NTUm  increased  by 
383%  and  211%,  respectively,  for  this  change  in  the  packing  density 
however  the  increase  in  NTU  was  higher  and  thus  the  Lewis 
number  (Letot)  increased.  There  was  no  change  in  the  resistance  to 
heat  and  moisture  transfer  of  the  membrane,  whereas  the  airside 
resistances  decreased  as  the  packing  density  increased.  Compared 
to  an  aligned  arrangement,  the  airside  pressure  drop  and  convective 
heat  and  moisture  transfer  coefficients  for  a  staggered  arrangement 
increased  by  335%,  11%  and  5%,  respectively.  Consequently,  in  contra¬ 
diction  to  the  traditional  sensible  shell  and  tube  exchanger,  the 
packing  density  had  a  more  significant  effect  on  the  performance 
than  the  array  arrangement  in  the  hollow-fiber  LAMEE.  In  conclusion, 
a  high  packing  density  with  an  aligned  arrangement  was  recom¬ 
mended  for  higher  effectiveness  and  lower  pressure  drop. 

Zhang  et  al.  [90]  developed  a  numerical  model  to  investigate 
the  conjugate  heat  and  mass  transfer  in  a  cross-flow  hollow-fiber 
LAMEE  for  air  dehumidification  using  LiCl  solution.  Due  to  the 
difficulty  in  simulating  the  whole  module,  the  study  was  per¬ 
formed  on  a  single  hollow  fiber  where  the  LiCl  solution  flowed 
through  the  fiber  and  the  air  flowed  across  the  fiber.  Fig.  36  shows 
a  schematic  of  the  hollow  fiber  used  in  the  numerical  model, 
where  / 3  is  the  angle  of  the  air  contact  point  with  the  hollow  fiber. 
It  is  shown  in  Fig.  37  that  at  higher  Reynolds  numbers,  the  Nusselt 
and  Sherwood  numbers  of  the  air  were  maximums  at  the  front 
stagnation  point  (i.e.  /?=0)  and  decreased  as  /?  increased.  The 
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Fig.  31.  Influences  of  packing  fraction  on  (a)  total  heat  and  mass  transfer 
coefficients  and  (b)  the  sensible  and  latent  effectivenesses,  and  fiber  side  and  shell 
side  pressure  drops  [96]. 

Nusselt  and  Sherwood  numbers  started  increasing  again  at  /?=150 
due  to  the  higher  turbulence  in  the  rear  region  of  the  fiber. 

Zhang  et  al.  [90]  compared  the  performance  of  this  cross-flow 
[90]  and  a  counter-flow  [91  hollow-fiber  LAMEE.  The  counter-flow 
hollow-fiber  LAMEE  was  studied  by  Zhang  et  al.  91  .  Fig.  38  shows  a 
comparison  between  the  overall  average  Nusselt  and  Sherwood 
numbers  and  the  pressure  drop  on  the  airside  for  the  cross-flow 
and  the  counter-flow  hollow-fiber  LAMEEs.  At  Reynolds  number 
lower  than  35,  the  counter-flow  configuration  had  higher  Nusselt 
and  Sherwood  numbers.  At  Reynolds  numbers  higher  than  35,  the 
Nusselt  and  Sherwood  numbers  of  the  cross-flow  configuration  were 
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Fig.  32.  The  experimental  facility  used  to  test  a  counter-flow  hollow-fiber  LAMEE 
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Fig.  34.  Photograph  of  the  hollow  fibers  inside  the  hollow-fiber  LAMEE  [152]. 


much  higher  than  that  of  the  counter-flow  configuration  due  to  the 
vortexes  behind  the  fibers  [153-155  .  The  airside  pressure  drop  in 
the  cross-flow  LAMEE  was  lower  than  that  in  the  counter-flow 
LAMEE.  Consequently,  the  cross-flow  configuration  is  more  attractive 
for  applications  than  the  counter-flow  configuration. 

Laminar  flow  was  assumed  in  [90]  as  the  Reynolds  number  of 
the  air  flow  was  low  (200-600),  however,  the  large  number  of 
fibers  (3000-12,000)  caused  a  continuous  disturbance  of  the  air 


Air  in 


Air  out 


Water  in 


Water  out 


Fig.  35.  The  hollow-fiber  LAMEE  prototype  with  a  rectangular  shell  [95]. 


Table  7 

Influences  of  packing  density  on  performance  of  the  rectangular  hollow-fiber 
LAMEE  [95]. 


Parameters  Number  of  fibers  packed  (n/r) 


2000 

3000 

4000 

5000 

6000 

£sen 

1.3 

1.35 

1.36 

1.36 

1.35 

£Lat 

0.5 

0.58 

0.62 

0.65 

0.67 

mIT  (gv/h) 

574 

662.5 

710.8 

740.6 

761 

NTU 

6.5 

10.8 

15.9 

22.4 

31.4 

NTUm 

0.9 

1.4 

1.8 

2.3 

2.8 

A  Pair  (Pa) 

2.2 

4.5 

9 

19.7 

52.8 

A Pw  (Pa) 

29.6 

19.7 

14.8 

11.8 

9.9 

flow  and  thus  the  air  flow  became  turbulent  [156  .  Consequently, 
Huang  et  al.  [157]  developed  a  theoretical  model  to  investigate  the 
conjugate  heat  and  mass  transfer  in  a  cross-flow  hollow-fiber 
LAMEE  for  air  dehumidification  with  turbulent  flow.  The  local 
turbulent  Reynolds  numbers  were  less  than  150  and  thus  the 
standard  k-e  turbulence  model  was  not  efficient  to  model  the 
flow  near  the  wall  158,159  .  Instead,  a  low  Re  k-e  model 
[158,159]  was  used  to  study  the  air  flow.  The  results  showed  that 
the  values  of  the  mean  Sherwood  numbers  were  quite  close  to  the 
Nusselt  numbers  and  both  numbers  increased  as  the  packing 
fraction  increased.  For  the  fiber  side,  the  fully  developed  Sherwood 
numbers  were  higher  than  the  fully  developed  Nusselt  numbers. 

Research  on  the  hollow-fiber  LAMEE  with  turbulent  flow  was 
continued  when  Zhang  and  Li  160]  investigated  the  convective  mass 
transfer  and  pressure  drop  on  the  bundle  side  in  the  hollow-fiber 
LAMEE  at  low  Reynolds  number  but  unstable  transitional  flow.  Results 
revealed  that  the  convective  mass  transfer  increased  as  Reynolds 
number  increased  and  the  impact  of  the  transverse  pitch  on  the  mass 
transfer  and  pressure  drop  is  stronger  than  that  of  the  longitudinal 
pitch.  Zhang  and  Li  [160]  developed  correlations  to  calculate  the  mean 
Sherwood  number  and  the  friction  factor  for  the  hollow-fiber  LAMEEs. 
They  used  the  Chilton-Colbum  analogy  to  obtain  Sherwood  numbers 
from  different  work  available  in  the  literature.  However,  Zhang  [161] 
reported  that  the  Chilton-Colbum  analogy  may  not  be  applicable  for 
membrane  energy  exchangers  if  there  is  a  big  difference  between 
dimensionless  boundary  conditions  for  heat  and  mass  transfer.  As 
shown  in  Table  8,  they  found  a  good  agreement  between  the 
correlations  and  results  reported  in  the  literature. 

Shm  =  CRemSc°  333  (17) 

/  =  aReb  (18) 

where  Shm  is  the  mean  Sherwood  number,  Re  is  Reynolds  number,  Sc 
is  Schmidt  number,  /  is  the  friction  factor,  C,  m,  a,  and  b  are  constants 

[160]. 
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Fig.  36.  (a)  The  three  dimensional  coordinates  system  of  a  single  hollow  fiber  and  (b)  the  physical  system  [90]. 


Fig.  37.  Nusselt  and  Sherwood  numbers  for  the  air  flow  versus  angular  position  on  the  fiber  at  different  Reynolds  numbers  (</>  =  0.265)  [90]. 


Fig.  38.  Comparison  between  the  average  Nusselt  and  Sherwood  numbers  and 
pressure  drop  on  the  air  side  for  the  cross-flow  (solid  lines)  and  counter-flow 
(dotted  lines)  [91]  configurations  at  packing  fraction  of  0.265  [90]. 

8.3.  The  three-fluid  LAMEE 

During  air  humidification  and  dehumidification  processes,  heat 
of  phase  change  is  absorbed  from/released  to  the  desiccant 


Table  8 

Sherwood  number  from  the  proposed  correlations  and  literature  (ST=SL=1.5d) 

[160]. 


Re 

Zhang  and 

Li  [160] 

Grimison 

[162] 

Zukauskas 

[163] 

Hausen 

[164] 

Khan  et  al. 

[165] 

Inline 

100 

6.61 

7.88 

7.25 

6.87 

11.84 

200 

10.63 

12.11 

10.25 

11.11 

16.74 

300 

14.03 

15.57 

12.55 

14.57 

20.51 

400 

17.08 

18.61 

14.49 

17.59 

23.68 

500 

19.90 

21.37 

16.20 

20.33 

26.48 

Staggered 

100  10.23 

10.41 

9.89 

10.18 

14.91 

200 

15.13 

15.37 

13.99 

15.11 

21.08 

300 

19.01 

19.30 

17.14 

19.04 

25.82 

400 

22.36 

22.69 

19.79 

22.44 

29.81 

500 

25.36 

25.72 

22.12 

25.48 

33.33 

solution  flow  and  thus  the  temperature  of  the  desiccant  solution 
changes  inside  a  LAMEE.  Consequently,  the  potential  for  heat  and 
moisture  transfer  deteriorates  across  the  length  of  a  LAMEE.  The 
impact  of  the  heat  of  phase  change  can  be  eliminated  by  using  a 
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refrigerant  or  water  to  keep  the  temperature  of  the  desiccant 
solution  constant  in  the  exchanger.  In  direct-contact  liquid  desic¬ 
cant  systems,  internally  cooled  dehumidifiers/heated  regenerators 
have  been  suggested  and  studied  by  several  scholars  [166-176]. 
Currently,  the  authors  of  this  review  paper  are  working  on  the 
development  and  research  of  an  innovative  three-fluid  flat-plate 
LAMEE  at  the  University  of  Saskatchewan. 

Isetti  et  al.  [177]  presented  an  innovative  three-fluid  LAMEE 
where  water  was  employed  to  control  the  desiccant  solution 
temperature.  They  used  a  commercial  aluminum  evaporator 
(225  mm  x  190  mm  x  58  mm)  to  manufacture  a  prototype  for  the 
three-fluid  LAMEE  at  the  University  of  Genoa.  The  evaporator  was 
modified  where  hydrophobic  micro-porous  polypropylene  hollow 
fibers  replaced  the  finned  surfaces  between  the  cooling  plates. 
As  shown  in  Fig.  39,  the  refrigerant  flowed  through  the  cooling 
plates  and  controlled  the  temperature  of  the  desiccant  solution 
flowing  around  the  hollow  fiber  membranes.  For  the  first  time  in  a 
LAMEE,  Potassium  Formate  (KCOOH)  was  employed  as  the  liquid 
desiccant  for  air  dehumidification;  KCOOH  is  thermally  stable, 
non-flammable,  and  exhibits  excellent  thermophysical  properties 
[178].  Water  was  used  for  air  humidification.  A  theoretical  model 
was  developed  and  the  results  agreed  well  with  the  experimental 
results.  The  total  effectiveness  of  the  prototype  was  around  25% 
during  experiments.  Consequently,  a  theoretical  sensitivity  study 
was  performed  to  determine  the  effect  of  various  operating  and 
design  parameters  on  the  total  effectiveness.  A  total  effectiveness 
higher  than  95%  was  predicted  by  manipulating  the  number  and 
thickness  of  the  hollow  fiber  membranes  and  the  temperature  of 
the  cooling  water.  Based  on  these  promising  results,  a  new 
prototype  is  being  designed  and  under  construction  at  the  Uni¬ 
versity  of  Genoa. 


because  of  (1)  poor  exchanger  design  (e.g.  uneven  channel 
thicknesses),  (2)  heat  transfer  processes  (e.g.  frosting,  vibration 
patterns  resulting  from  physical  flow),  (3)  operation  of  external 
systems  (e.g.  pumps,  fans)  [182],  or  (4)  fouling  and  corrosion 
problems  181]. 

Lalot  et  al.  [183  found  that  flow  maldistribution  deteriorated 
the  thermal  performance  of  a  cross-flow  heat  exchanger  by  more 
than  25%.  It  was  noted  in  [179]  that  for  a  heat  pump  unit, 
Elgowainy  184]  reported  that  as  a  result  of  increased  pressure 
drop,  flow  maldistribution  may  deteriorate  the  hydraulic  perfor¬ 
mance  by  6-9  times  as  much  as  thermal  performance.  T'joen  et  al. 
[185]  found  that  non-uniform  flow  profiles  decreased  the  overall 
heat  transfer  coefficient  of  a  fin-and-tube  heat  exchanger  by  8%. 
Performance  deterioration  of  heat  exchangers  caused  by  flow 
maldistribution  strongly  depends  on  NTU.  Performance  deteriora¬ 
tion  is  less  than  5%  at  low  NTUs  ( NTU  <  4)  but  increases  at 
NTU  >  10  [181  .  Moreover,  deterioration  in  exchanger  performance 
for  laminar  flow  is  more  significant  than  that  for  turbulent  flow. 
In  general,  flow  maldistribution  reduces  the  performance  of  heat 
exchangers  by  5-15%  [182]. 

In  air-to-air  membrane  energy  exchangers,  Zhang  [35  found 
that  deterioration  in  thermal  and  latent  performances  of  a  plate- 
fin  membrane  energy  exchanger  due  to  flow  maldistribution  can 
be  neglected  for  a  channel  pitch  smaller  than  2  mm,  but  when  the 
channel  pitch  was  larger  than  2  mm,  thermal  and  latent  perfor¬ 
mances  reduced  by  10-15%  and  20-25%,  respectively.  Zhang  [38] 
reported  that  maldistribution  reduced  the  thermal  and  latent 
performances  of  a  flat-plate  membrane  energy  exchanger  by  less 
than  9%  for  a  channel  pitch  smaller  than  2  mm,  and  28%  for  a 
channel  pitch  larger  than  2  mm. 


9.  Flow  maldistribution  in  LAMEEs 


9.1.  Flow  maldistribution  in  flat-plate  LAMEEs 


Flow  maldistribution  deteriorates  thermal  performance  of  heat 
exchangers  and  increases  the  pressure  drop  as  well  [179,180]. 
Mueller  and  Chiou  [181]  presented  a  comprehensive  review  on 
different  types  of  flow  maldistribution  and  how  it  affects  the 
performance  of  heat  exchangers.  Flow  maldistribution  may  occur 
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Air  flow  inside  a  hollow  fiber 


Refrigerant  flow  inside  cooling 
plate  channels 


Liquid  phase  flow  (water/desiccant) 
around  hollow  fibers 


Fig.  39.  Flow  configuration  of  the  three  fluids  inside  the  three-fluid  LAMEE  [177]. 


Flow  maldistribution  may  occur  in  a  flat-plate  LAMEE  due  to 
the  causes  mentioned  previously,  however,  the  majority  of  flow 
maldistribution  may  occur  due  to  deflection  of  the  membrane.  The 
large  pressure  difference  between  the  solution  and  air  channels 
across  the  membrane  under  normal  operation  conditions,  causes 
the  membrane  to  deflect  into  the  air  channels  and  thus  the  air 
channels  may  become  partially  or  fully  blocked.  The  degree  of  the 
membrane  deflection  mainly  depends  on  the  magnitude  of  the 
pressure  difference  across  the  membrane,  the  membrane's  mod¬ 
ulus  of  elasticity,  the  membrane's  surface  area,  solution  and  air 
channel  thicknesses,  and  the  ratio  between  solution  and  air  mass 
flow  rates  (Cr*). 

In  2005,  Hemingson  [128]  tested  a  cross-flow  LAMEE  prototype 
where  the  air  channels  were  partially  blocked  at  high  operating 
pressures  which  significantly  deteriorated  the  LAMEE  effective¬ 
ness.  Support  grids  with  different  geometries  were  proposed  to 
support  the  membrane.  The  grids  exhibited  a  good  support  for  the 


solution 

channel 


support 

grids 


Fig.  40.  Photograph  of  deformations  that  occurred  in  a  flat-plate  LAMEE  tested  at  the  University  of  Saskatchewan. 
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membrane  and  contributed,  somewhat,  to  solve  the  maldistribu¬ 
tion  problem,  however  maldistribution  was  not  completely 
eliminated. 

Fig.  40  shows  a  photograph  of  the  deformations  that  occurred 
in  a  flat-plate  LAMEE  prototype  tested  at  the  University  of 
Saskatchewan.  It  is  clear  that  the  support  grids  are  deformed  into 
the  air  channel  due  to  the  pressure  difference  between  the 
solution  and  air  sides.  The  membrane  deflection  decreases  the 
cross-sectional  area  of  the  air  channels,  which  results  in  a  higher 
air  velocity  and  thus  an  increase  in  the  convective  heat  transfer, 
but  also  results  in  a  decrease  in  the  amount  of  air  contacting  the 
membrane,  and  an  increase  in  the  pressure  drop  on  the  airside. 

Studying  the  impact  of  the  flow  maldistribution  on  the  effec¬ 
tiveness  of  the  flat-plate  LAMEE  is  difficult  due  to  (1)  difficulty  of 
operating  a  LAMEE  without  any  maldistribution  as  a  benchmark, 
(2)  difficulty  of  controlling  the  amount  of  maldistribution  for 
different  testing  conditions,  and  (3)  difficulty  of  getting  accurate 
measurements  for  membrane  deflections  during  the  operating 
process.  No  work  on  flow  maldistribution  in  flat-plate  LAMEEs  has 
been  reported  in  the  literature  and  thus  the  influences  of  mal¬ 
distribution  on  the  performance  of  a  flat-plate  LAMEE  are  not  fully 
identified  and  still  an  important  issue. 


9.2.  Flow  maldistribution  in  hollow-fiber  LAMEEs 

In  addition  to  the  reasons  discussed  previously,  flow  maldistribu¬ 
tion  may  occur  in  hollow-fiber  LAMEEs  due  to  the  movement  or 
vibration  of  the  fibers.  The  flow  of  the  air  can  cause  movement  of  the 
hollow  fibers  and  they  may  come  in  contact  with  each  other  at  high 
air  pressures,  therefore  decreasing  the  heat  and  mass  transfer  surface 
area.  The  degree  of  maldistribution  mainly  depends  on  the  air  mass 
flow  rate,  flow  configuration  (i.e.  cross  or  counter),  fiber  length,  fiber 
diameter,  packing  density,  and  the  membrane's  modulus  of  elasticity. 

Zhang  et  al.  [186]  studied  the  effect  of  flow  maldistribution  on 
the  deterioration  in  performance  of  a  cross-flow  hollow-fiber 
LAMEE,  used  for  air  humidification  applications.  A  mathematical 
model  was  developed  and  validated  with  experimental  results. 
The  impact  of  flow  maldistribution  on  the  sensible  and  latent 
effectivenesses  was  tested  in  two  identical  LAMEEs  with  different 
packing  densities  at  the  same  operating  conditions.  A  deteriora¬ 
tion  factor  was  used  to  determine  the  effect  of  flow  maldistribu¬ 
tion  on  the  LAMEE  effectiveness.  Fig.  41  shows  that  the 
deterioration  factor  for  the  sensible  and  latent  effectivenesses 
due  to  flow  maldistribution  increased  as  the  packing  fraction 
decreased  or  as  the  air  flow  rate  increased.  Depending  on  the  air 
flow  rate  and  packing  fraction,  the  sensible  and  latent  effective¬ 
nesses  decreased  by  3-30%  and  26-58%;  respectively. 

Li  and  Zhang  [187]  studied  the  influences  of  flow  maldistribu¬ 
tion  on  the  deterioration  in  performance  of  a  counter-flow  hollow- 
fiber  LAMEE,  used  for  air  humidification/dehumidification  applica¬ 
tions.  Fig.  42  shows  the  velocity  contours  in  the  counter-flow 
hollow-fiber  LAMEE.  The  degradations  in  the  sensible  and  latent 
effectivenesses  versus  the  air  volumetric  flow  rate  for  several 
packing  fractions  (i.e.  0.1,  0.2,  and  0.3)  of  the  counter-flow  hollow- 
fiber  LAMEE  are  shown  in  Fig.  43.  It  is  clear  that  the  degradations 
in  the  sensible  and  latent  effectivenesses  decreased  with  the 
increase  of  the  packing  fraction.  However,  they  found  that  increas¬ 
ing  the  packing  fraction  beyond  0.3  will  not  cause  a  significant 
reduction  in  the  deterioration  factor  but  will  increase  the  pressure 
drop,  thus  it  was  recommended  to  design  hollow-fiber  LAMEEs 
with  packing  fractions  of  0.3. 

In  conclusion,  Zhang  et  al.  [186,187  reported  that  compared  to 
sensible  heat  exchangers,  the  flow  maldistribution  has  a  much 
more  significant  impact  on  the  performance  deterioration  in 
membrane  energy  exchangers. 
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Fig.  41.  Variation  of  deterioration  factor  in  sensible  and  latent  effectivenesses 
versus  air  flow  rate  [186]. 
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Fig.  42.  Velocity  contours  in  the  counter- flow  hollow- fiber  LAMEE  (inlet  volu¬ 
metric  flow  rate  of  air=0.1  m3/h  and  </>=0.3)  [187]. 


Fig.  43.  Variation  of  deterioration  factor  of  sensible  and  latent  effectivenesses 
versus  air  flow  rate  for  several  packing  fractions  of  a  counter-flow  hollow-fiber 
LAMEE  [187]. 

9.3.  Flow  maldistribution  in  RAMEEs 

Since  the  RAMEE  system  [81]  mainly  composes  of  two  LAMEEs, 
the  flow  maldistribution  of  LAMEE  would  impact  the  performance  of 
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the  RAMEE  system.  Hemingson  et  al.  [188]  theoretically  investigated 
the  effect  of  flow  maldistribution  on  a  RAMEE  performance.  They 
found  that  at  30%  peak  membrane  deflection  of  nominal  air  channel 
thickness  and  NTU  of  12,  the  sensible,  latent,  and  total  effectivenesses 
of  the  RAMEE  were  reduced  by  29%,  21%,  and  25%,  respectively. 

10.  Conclusions 

The  current  paper  presents  a  comprehensive  review  of  the 
design,  performance,  and  development  of  liquid-to-air  membrane 
energy  exchangers  (LAMEEs).  Based  on  the  current  review,  the 
following  conclusions  are  made: 

1.  The  effectiveness  of  different  types  of  LAMEEs  for  air  cooling 
and  dehumidifying  ranged  between  60%  and  94%. 

2.  The  effectiveness  of  a  flat-plate  LAMEE  is  higher  during  summer 
operating  conditions  than  during  winter  operating  conditions. 

3.  Flow  maldistribution  can  significantly  reduce  the  performance 
of  LAMEEs. 

4.  Despite  the  fact  that  the  hollow-fiber  LAMEE  has  an  area 
density  per  unit  volume  much  higher  than  that  of  the  flat- 
plate  LAMEE,  the  flat-plate  LAMEE  is  more  feasible  in  practical 
applications  for  the  following  reasons: 

a.  Hollow-fiber  LAMEEs  suffer  from  large  pressure  drops  on 
the  air  and  liquid  sides. 

b.  Due  to  the  large  number  of  the  hollow  fibers,  if  any  leakage 
happens,  it  is  difficult  to  detect  the  location  of  the  leakage  and 
fix  it. 

5.  Compared  to  direct-contact  liquid  desiccant  energy  exchangers, 
LAMEEs  eliminate  the  problem  of  desiccant  droplet  carry-over 
to  the  air  stream. 


11.  Suggested  topics  for  future  research 

Since  LAMEEs  are  still  new  energy  exchangers  under  develop¬ 
ment,  much  research  is  still  needed.  Based  on  the  current  review, 
the  following  are  some  recommendations  for  future  research: 

1.  The  effect  of  flow  maldistribution  on  the  performance  of  a  flat- 
plate  LAMEE.  This  could  be  evaluated  by  numerical  simula¬ 
tions  when  the  flow  maldistribution  is  considered.  It  might  be 
experimentally  tested  by  using  a  LAMEE  with  a  transparent 
cover  and  using  the  laser  technology  to  measure  the  deflec¬ 
tions  of  different  parts  of  the  membrane. 

2.  The  effect  of  buoyancy  forces  on  the  performance  of  a  flat- 
plate  LAMEE.  This  can  be  done  by  measuring  the  velocity  and 
temperature  at  different  heights  in  the  solution  channel. 

3.  The  effect  of  crystallization  of  the  desiccant  solution  on  the 
performances  of  a  flat-plate  LAMEE  and  a  hollow-fiber  LAMEE 
when  used  for  diluted  desiccant  solution  regeneration. 

4.  The  operating  conditions  at  which  crystallization  will  occur  in 
the  membrane  of  a  flat-plate  LAMEE. 

5.  The  performance  of  a  flat-plate  LAMEE  for  diluted  desiccant 
solution  regeneration. 

6.  The  transient  performance  of  a  hollow-fiber  LAMEE. 

7.  The  performance  of  a  hollow-fiber  LAMEE  for  diluted  desic¬ 
cant  solution  regeneration. 

8.  A  comparison  between  the  performance  (i.e.  effectiveness  and 
pressure  drop)  of  a  flat-plate  and  a  hollow-fiber  LAMEE  under 
the  same  operating  conditions. 

9.  The  effect  of  the  membrane  properties  on  the  performance  of 
a  LAMEE. 

10.  Developing  new  membranes  with  better  properties  to  achieve 
higher  effectiveness. 


11.  The  ability  of  LAMEEs  to  remove  pollutants  (e.g.  C02,  CO,  SOx, 
NOx,  VOCs,  Toluene,  and  Formaldehyde),  from  process  air 
during  the  heat  and  moisture  transfer  processes. 

12.  Comparison  between  the  performances  of  a  direct-contact 
liquid  desiccant  packed  bed  and  a  LAMEE  under  the  same 
operating  conditions. 
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